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SUMMARY 

I  x 

This  report  is  subdivided  into  four  papers.  ’The  first  presents  an  overview 
and  survey  of  the  work  carried  out.  In  the  initial  stages  of  the  work 
a  broadly  based  survey  of  metathesis  polymerization  of  fluorinated  monomers 
was  conducted;  -sehsgquently  more  detailed  studies  of  particular  monomer 
types  were  conducted.  In  the  f-irst  paper  all  the  monomers  investigated 
are  reviewed  along  with  other  systems  examined  in  related  projects. 

— : The  second  paper-  is  concerned-  with-  a  detailed  study  of  the  polymerization 
of  2, 3-bis(trif luoromethyl)bicyclo[2. 2. 1 ]hepta-2, 5-diene,  again  relevant 
results  from  related  projects  are  included^ 

The  third  paper  -is- hfcneemed-with-  a  detailed  study  of  the  polymerization 
of  5-trif luoromethylbicyclo[2.2. 1 ]hept-2-ene,  and  is  exclusively  the  work 
of  this  project. 

The  fourth  paper  is._CBncewed  with  2-trif luoromethylbicyclo [2 . 2 . 1  lhepta-2 , 5-diene 


as  monomer. 
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Preface 


The  work  described  in  this  report  was  funded  in  response  to 
a  research  proposal  submitted  to  the  European  Research  Office  of 
the  U.S.  Army  in  March  1982.  The  abstract  of  the  proposal  is 
reproduced  below. 

"The  aim  of  the  proposed  work  is  to  prepare  and 
characterize  a  series  of  new  stereoregular  fluoro- 
polymers.  The  synthetic  method  to  be  used  is  ring-opening 
polymerization  of  fluorinated  polycyclic  monomers 
using  metathesis  catalysts.  Some  work  has  been  carried 
out  in  the  Durham  laboratories  which  establishes  both 
the  feasibility  of  the  proposed  syntheses  and  the 
possibility  that  the  new  materials  will  have 
technologically  interesting  properties." 

In  the  event  the  student  funded  by  the  contract,  Miss  Patrique  Michelle  Blackmore, 

started  work  in  Durham  on  the  1st  September  1983  after  completing  her 

undergraduate  studies  in  Newcastle  University.  The  progress  of  the 

work  was  monitored  through  submission  of  five  semi-annual  reports  and 

this  final  technical  report  supersedes  and  updates  all  previous 

documents.  Miss  Blackmore  has  completed  the  studies  required  for 

a  Ph.D.  degree  and  has,  at  the  time  of  writing,  almost  completed 

the  preparation  of  her  thesis  which  will  probably  be  submitted  and 

examined  in  September/October  1986. 

The  work  has  been  successful  and  provided  much  useful  and 
interesting  data.  All  the  work  has  now  been  written  up  and 
submitted  to  Journals  for  publication,  consequently  this  final 
report  has  been  revised  and  edited  to  incorporate  the  comments 
and  criticisms  of  external  referees,  and  the  author  believes  that 
this  process  has  substantially  improved  the  clarity  of  the 
record  and  the  validity  of  the  interpretations  presented. 

The  work  divides  itself  rationally  into  four  papers.  The 
first,  an  overview,  summarizes  the  total  effort  of  this  group 
in  this  field.  The  second  concentrates  on  the  polymerization  of 
2, 3-bis(tr if luoromethyl )bicyclo[ 2.2 . 1 ]hept-2 , 5-diene  and,  while 
the  major  part  of  this  work  was  done  on  this  contract, 
contributions  from  other  workers,  namely  Drs .  J.H.  Edwards, 

A.B.  Alimuniar  and  B.  Wilson,  are  included  so  as  to  make  the 
story  as  complete  as  possible.  The  third  paper  was  exclusively 
the  work  of  Miss  Blackmore  and  presents  a  convincing  case 
for  the  successful  preparation  of  stereoregular  f luc-opolymers 
via  polymerization  of  5-trifluoromethylnorbornene.  The  fourth 
and  final  paper  describes  work  on  2-t rif luoromethylbicyclo[2 . 2 . 1 ] - 
hepta-2 , 5-diene ,  in  this  section  a  small  contribution  was  made 
by  Mr.  P.C.  Taylor  as  part  of  his  undergraduate  training  but  again 
the  major  part  of  the  work  is  to  the  credit  of  Miss  Blackmore. 
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The  project  has  successfully  established  the  feasibility  of 
the  original  proposal.  It  is  now  clear  that  stereoregular 
f luoropolymers  can  be  prepared  via  metathesis  ring  opening  polymerization. 
We  hope  to  be  able,  at  some  time,  to  expand  this  new  field  by 
preparing  and  polymerizing  new  fluorinated  monomers  and  characterizing 
the  products.  Also  we  hope  to  begin  a  programme  of  study  of  the 
physical  properties  of  these  systems  and  to  try  to  develop  an 
understanding  of  structure-property  relationships  in  these  systems. 


W.J.  Feast 

Durham  University  Chemistry  Department 
South  Road 
Durham,  DH1  3LE. 

August  1986 
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PAPER  1 

SYNTHESIS  OF  NEW  STEREOREGULAR  FlUQROPOLYMERS 
AN  OVERVIEW 


I t  r.  i :  paper  we  review  the  possibilities  which  exist  for 
the  =yru:.e;ii  cf  stereorejular  f  luoropolysers  via  ring  opening 
of  b  ; y  o  1  c  ’  2  .  2  .  I  1  h  e  p  t  e  r.  e  a  a  r.  d  -heptadier.es.  and 


3  t  e  r  9  c  egt;  1  a  r  f  1  tic  rope  1  ymers  are  virtually  unl.ncvn  .  By 
contrast  .  upreved  materials  properties  and  process  advantages 
have  1  ead  to  the  widespread  adoption  of  the  Zieglei  -N'atta  type 
of  catalyst  m  the  synthesis  of  s t e r eo r egu 1  a r  hydrocarbon 
polymers.  Since  f 1 uo r opc 1 ymers  display  a  wide  range  of  useful 
properties  it  seems  probable  that  at  least  some  members  of  the 
category  of  stereoregular  f 1 uoropo 1 ymers  will  display 
interesting  properties.  Considerations  of  this  hind  lead  to  the 
conclusion  that  the  preparation  of  wall  cha rac t e r  i  zed 
s t or -?cr ogu  1  a r  f lccropclyaers  represents  a  worthwhile  challenge 
for  synthetic  .. he  n.stry;  this  paper  reviews  cn-  spare  a  oh  to 


Metatces.s  ring  cp-r. .  ng  pc  1  yme  r  i  c  a  t  .  or.  has  been  l.nowr.  fsr 
a. meat  as  1  cr.g  as  the  stereoregular  po  1  ymer  i  ca  t  i  or.  of  all. enes 
and  has  found  some  commercial  exploitation.  In  recent  years 
considerable  effort  has  been  expended  on  attempts  to  understand 
the  mechanism  of  this  rather  unusual  reaction,  and  to  examine 
t  *  *  *-*  r  sn.'3  s  f  .  '.  ->  a p  .  i  s  a  o  .  I  i  t  /  .  It  ;  s  now  clear  t  h  a  t  ur.dar 
‘  i  i:  I  1  :  :  .  :  .m  s  t  ar  s  i  s  total!,  s  ‘  ;  ;  .'  :  y . !  -.  materials  car.  to 
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produce:,  ir.  i  ‘ha*.  2  w ;  i  r3r.ce  of  substituents  c3r.  be  tc!sr  r-.'.S'i 


t  1  :‘;t  1 1 r  2  .  2  .  1  Ihsrt  ;ns:  and  -h  ?c  t  3  d  :  er.  e  3  could  be  polyriisr  1  rst  by 
ring  open  mg  at  tb  —  =  Tl-  -  daub  !  s  tend  using  the  tungsten 

4- 

be- :ac  h  1  s  r  1  re  '  -3  *  r  spher.y  t  ir.  catalyst  system. 

Tb  -a  essential  s  t  so:  ;  n  sstabl. thing  the  syntheses  whitb 

1/  synthesis  of  appropriate  isncaers , 

:  o  r  s  f  e  r  3  b  y  with  a  wide  range  of  catalysts:, 

111)  unambiguous  proof  of  the  deta.ls  of  polymer 
micros  true ture . 

!  r.  this  review  we  shall  deal  with  points  (i>  and  (ill,  and 
discuss  the  progress  made  on  point  .'111).  The  longer  term 
objective  is,  of  course,  to  study  the  properties  of  wall 
characterized  sterecragcUr  f  Iuo  r  opo  1  yme  r  s  . 
a  >  Monome  r  s 

Since  b i eye l o C 2 . 2 . 1 1 hept ene  ar.d 

b 1 nyc 1 o C 2  .  2  .  1  1  hep t a  -  2 , 5 -d 1 ene  and  their  derivatives  were  known 
to  undergo  ring  opening  polymerization  with  a  wide  range  of 
catalysts  and  the  resulting  polymers  have  been  the  subjects  of 
many  detailed  studies  of  a  1  0 r os t rue  tire ,  fluorirated  do r 1 va t :v..  s 


m»: 
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The  re^cmn  of  per  f  1  uc  r  ofcut  -  2 -yr.e  or  '  ,  2  .  3  - t  r  :  f  1  uo  r  opr  opvr.e 
v  .  I :  y  ;  1  open t  jC  .  ene  yields  the  ;  up!  e  t  r  i  f  !  -C  r  ox.v  t  hy  1 

ac.iu.-t5  of  f  i  jor  ir.a'.ed  air. er.es  are  represented  by  the 
none  s  ub  z  t  l  t  u  t  ed  b  i  eye  1  oheptene  (  !  r  I  ’  which  completes  the  first 
row  of  structures  in  Figure  l.  Crossing  the  first  row  from  left 
to  right  is  accompanied  by  increasing  mcncmer  ccap  I  ex  i  ty .  Thus, 
f  2  -  b  i  s  .  t  r  :  f  i  uc  r  cruet  hy  1  >  b  :  eye  1  o  1  2  .  2  .!  1  hep  t  a  -  2 , 7  -  d  no  (  1  '  is  a 

single  compound  ;  2  -  t  r  l  f  1  ucrcme  t  hy  l  b  i  eye  1  o  1  2  .  2  .  1  J  hep  t  a  -2  .  7  -d  i  er.e 

<!I)  is  chiral  and  is  produced  as  a  racemic  mixture;  and  the 
$  -  sub  3 t  l  t u t ed  b i eye  1 o C 2 . 2 . 1  ! hep t enes  <II!>  can  display  the 
additional  complication  of  e:-;o-/endo-  isomerism,  almost 
invariably  the  product  of  synthesis  is  a  mixture  of  both  forms 
and  since  they  are  both  racemic  the  monomer  is  usually  obtained 
as  a  mixture  of  four  compounds.  Such  mixtures  of  isomers  are 
usually  difficult  to  separate:  however,  the  or.de-  ar.J 
:  i^r.  of  7- '  t  ,  i  f  !  u  .  r  o  ,t.  e  t  h  y  1  b  .  x:  !  -.'7.2  .  '  1  if  » p  t  :  •  1  V  a  r.  d  V 

J  r  isce:  t  :  ve  1  .  shown  1  r.  the  second  row  of  Figure  !.  have  beer. 

successfully  separated  by  or  =pa  s  t  .ve  gas  oh:  a  t  c  g  r  aphy  .  ~.:s 


aryl  derivatives 

shown  l  r. 

the  t  h i 

rd  row  were 

obtained  .either  as 

the  D i e 1 s -AI der 

adducts  c 

f  tetraf 

1  -or  obencyr.e 

'VI  and  Villa  c r 

by  d° h y d  r  o g scat  i 

•or.  of  the 

s i duct 

<  X  1  '  !  '•  of 

2  .  7  -  d  .  me  t  hy  1  er.efc 

. :yc 1 ol 2  . 

.  1  Ihept 

-  2  -  e  r.  e  wit 

pe  i’  f  1  u  ;  r  obu  t  -2  -yr.e 

....  7 

.r.der  of 

the 

cturee  shewn 

ir.  the  f.g.re  wee 

..Cta.r.ed  v.a  the 

-  r  f-  •  -  F  r  * 

j  7  ...  1 

-'•Alder  ayr.t 

he  :  .  :  . 

b  'Polymer 

Ail  the  .71 1  r. 

:ae«‘i  c -? c 

.  zzq  z  ; n 

r-jure  1  ur. 

derge  r  .  r.  ;  c,  *r. :  -.  g 

pu  i  y.ne  r  i  z  a  t  *  or;  1 

n  t e  p  r  e 

5er,Cc  <_>  r 

3  Pa  dpp  f  Opr  L 

dtc1  .71  »3  U  3  t  .*»  »3  a  1  m 

+.9-12 

ratal y s t  .  A  1  1 

t h e  pr;d 

„  C  \  3  w  >1  C 

e  soluble;  t 

h  •?  majority  o  t  h  e 

•=»  X  3  I?  ■=  W 

-3 

;  /  ;  o  :  -t : o  i 

-  ::u.:r.  sc’.v?-.  7 

5 w r  h  a  o  acetcr.e, 

•:M  :r  :f  : 

T.  3  r.  i  t 

I 
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ia.r.piei  displayed  unusual  t  ehav  1  :u  r  ;  for  e.  lampte. 

pc  :  y  '  :  ,  4  -  '  2 -per  f  !  ..c  res  I  hy  1  cy  :  1  openty  1  ene  1  viny  1  ene  l  j  w.tf.  r.crx>: 


,v' •••=  ’  '  S  li  ui  '7  15  "•••  1  . 

heptaf  1'jorobulerate,  whereas  samples  of  the  polymer  of  1  , 

pc  1  y  ■■  3 , 5  -  (  1  ,  2  -  b  l  3  t  t  r  i  f  I  uc  r  cx.et  hy  1  >  cvc  1  c  per.  t  c-r.y  1  er.e  '  v :  r.y  1  er.e  >  . 
prepared  using  a  tungsten  based  catalyst  were  soluble  in 
.methane  i  as  we  1  1  as  the  usual  range  cf  common,  solvents  wh.  1  a 
samples  prepared  using  molybdenum  based  catalysts  were  insoluble 
in  methanol  and  only  sparingly  soluble  m  other  solvents.  We 
have  carried  out  gel  permeation  chromatographic  analyses  on  most 
of  the  polymers  and  the  retention  volumes  observed  were 
equivalent  to  those  of  polystyrene  samples  with  molecular 
weights  in  the  1  3  ,  303  to  120,322  range  with  molecular  weight 
distribution:  generally  in  the  range  2.5  to  4.5.  These 
:b  -e :  Vi  t  l  or. :  show  that  this  agpr:-:h  gives  assess  to  a  range  cf 

new  linear,  or  lightly  branched,  f Lucr opo 1 yme r s :  the  properte; 
cf  these  new  materials  are  under  invest;  git  what  .ccr.cc-r-.  i  . . 

ci  t  pi  9  jiSwL  i  s  e 5  1 3 u  i  i  5 r. ;  Ti the  i  r  5 true  tu*  9=  . 
c 'Polymer  s  t  r  •  j  c  t - r  e 

The  outcome  of  metathesis  *  ir/j  opening  col  vice  r  i  zat  i  zr. 
d  .  f  fer  ent  f  rox  ccr.ver,  t  ;  :r,.i  I  add  *  t  .  or.  pc  I  ymar  .  rat  :  or.?.  ; tv: 


d  .r  the-  polymer  . 
:  r.  p  c  1  y  m  e  r  :  :  a  l  .  :  r.  “  . 
of  t  he  pc u  ? : c 1 e  a 
•  e  *  1  ^  t  i  or  ir.  r  ;  rv\- 


Jiiwnc  me . 


c  .  :  rerer.ee  i  i  e : 


?  i  by  c  c  m a  r  i  r.  j  t e-  m  e  t  a  t h e  5  i 

2,7 

er--  t  r  :  eye  1  r  F  4  .  :  .  1  .  3  1  j, 

'  i m  .  1  i  -i  r  ,  ...Dp  !  --  :■  f  :  t  v  .-ere.  F 


/  -T.  ?  r  i  cat 


It 


* 


* 


I 


o  a 
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A:,  is  well  Known,  pc  1  y  s  t  y  r  er.i  has  chiral  cer.tr-.-:  a  t  j..;-  th...  c 

carbons  and  consequently  there  can  be  aiesc  cr  racemic  dyads 
giving  rise  to  syndtotactic  and  isotactic  «--c  lyxers  .  By  centra -t 
po  1  ybencono  rborna  d  i  er.e  has  two  chiral  centres  per  repeat  ’..nil 
and  a  vinyl  er.e  unit  which  can  adopt  £  or  Z  stereo-chemist.  / ;  ~  f  a 
result  this  polymer  can,  in  principle,  give  rise  to  four 
distinct  stereoregular  homopo 1 yme r s .  In  this  particular  example 
there  is  a  further  distinction  between  the  Kinds  of  polymers 
accessible  from  the  two  monomers  in  that  the  orientation  of  the 
aromatic  rings  in  the  polybenzonorbornadier.es  is  rigidly  fixed 
with  respect  to  the  polymer  backbone  whereas  in  polystyrene 
there  is  free  rotation  about  the  single  bend  which  lmls  the 
pher.yl  group  to  the  backbone.  When  the  monomer  is 

ur.  s  ymme  t  r  .  ;  a  1  1  y  sub  s  t  :  tut  id  the  sit  va  t  i  on  .  s  f  u  r  t  h  e  r  :  ;  mp  1  *  c  s  \  o  w 

he  .ad  - 1  a  ;  1  .  HT  :  *  some  r  i  si ,  the  c  on  sequences  c  f  this  can  be  seer,  by 

considering  the  propagation  step  depicted  in  Figure  3. 

have  an  H  ( F.  at  Z^ '  or  a  T  :  R  at  Zp>  c  on  f  ;  gur  a  t  :  on  ,  and  the 

cr  TH  s  t  ~r  eccherr. :  s  t  ry  a  round  th?  r.cvlv  firmed  v  t  r.y  1  or.-:  .  which 
may  have  £  c  r  Z  s  t  e  r  e  ccheir. ;  s  t  ry  .  The  cy  :  1  zpe.o  t  ane  ring:  may  bo 

a  r.  d  Th’  a  re  *  i  r.  g  u  .  s  h  a  b  i  -z  a  r.  d  there  are  t  h  e  r  e  f  o  r  e  ‘  we  1  /  e 

s t e r e oc hem l ca 1 1 y  different  ways  in  which  a  pure  end:-  cr 
e:  ic-monome r  of  the  type  depicted  m  Figure  3  may  be  mccrpcrated 

will  usual  ly  be  f:ur.d  as  er.dc/e:-:o  mixtures  the  number  of 
possible  assembly  modes  is  in  practice  considerably  higher  than 
that.  Clearly  the  analysis  of  such  potentially  complicated 


) 


-  11  - 


systems  will  be  difficult  and  it  15  dc-tirablo  tj  simplify  *  h  •• 
problem  as  Ijr  a,  possible,  ei  tr.er  ty  select  ir.'j  =  i  .np  1  o  .ter.  a 
without,  i  jwiiar  j  ,  cr  separ  at  ir.j  e.obo-  and  e  io-i  ,  jir.or  .  or  a?.?-  k;  j 
catalysts  which  selectively  polymerice  cne  isomer  of  a  mi.-:tt;re 
when  separation  proves  impossible.  This  approach  is,  in  effect, 
following  the  example  set  in  earlier  w  o  r  V*.  e  r  s  1  studies  of  related 
systems . 

Ei  tab  l  ish:r.-3  the  structure-  c  f  t  he  fluor  ir.it.j-i  polymers 
pi  Oiiucsd  in  this  p  r  co  r  a.nme  is  1.  e  a  .  1  v  d  <  -  o  er.  d  r  r,  t  j  r.  detailed 
analyses  of  f  hi  infrared  and  r.a.  •  spectra  :f  rel j‘od  sots  of 

data.  .  r.  s  ,.ir.  r.  ary,  it  a  a  r.  c  e  .  3  t  r.  a  t  *  r,  t  r»e  i  i  spectra  the  most 
useful  data  is  generally  derived  f r cm  the  out-of-plane  C-H 
bending  modes  at  970o.ii  'El  vtnylenej  and  790cm  1  (Z  vinylene!  but 
that  these  absorptions  are  net  always  adequately  separated  from 
other  bands.  Alrho_i.tr.  useful  data  has  sometimes  been  derived 

from  * H  a r. d  ^F  -  ji  -  - ^  a  -  v  r  a  -  *  - o  ' o  *  y  i  r  f  s  r  t s  ‘  .  '  r, 

_ ,  ,  13-  _  ,  .  ,  .  _  ,  _  .  , 

_  -  T,  -  o  .  i  -  JI  a  ,  .  a  1  ^  3  i  w  '_i  •„  spT'J  s  .  .  r.  p  :  f  ,  i  T'J  .  a  r  .  h_.__  C  _/  T:  u  m 


via  an  analysis  of  the  vmyler.e  and  methylene  r  s  cr.ar.  oe  s  .  in 

favourable  oases  information  concerning  tact ic i ty  car,  also  be 
13-  .  ..  ..  .  ......  ...  ...  )  f 

a  r.a  1  ye  1  a  the  ass.gnment  of  atact.o  polymers  is  o'ton  certain 
whereas  there  is  usually  some  ambiguity  about  the  assignment  cf 
detailed  uncrcstructure  in  more  regular  polymers. 


12 


in  the  initial  stage:  of  this  programme  we  have  attempted 
to  screen  a  wide  range  of  both  monomers  ar.c  catalysts.  The 


scnoaer  types  have  been 


:r  lied  above.  The  catalysts  used  were 


WCl£  alone  or  activated  with  Ph^Sn,  (  3^.  )+  Sr. ,  (CHj)^Sr.,  or  (CH^ 

>  A  1 C  1  ;  (  CO  )g  V  =  C  (  OCH^ )  Hg  w  i  t  h  and  without  TiCl^  act  lvat  ion;  McCI^ 

alone  or  activated  with  Ph^Sn ,  and  (CHj)^_Sn;  OsClj  ;IrClj^CFj~ 
COOH;  RuClg;  ReClg. 

We  have  not,  as  yet,  found  a  c a t a  1 y s t / monomer  system  in 
which  exclusively  one  component  cf  the  monomer  mixture  is 
polymerized  although  there  is  some  selectivity  m  some  cases. 

Thus,  polymerization  of  roughly  '3  .  ?3  mixtures  cf  the 


2  -  t  r  i  f  1  jo  r  owe  thy  1  -  2  ,  3  ,  3  - 1  r  .  f  1  zz  r  zb  i  1  z  r  2  .  2  .  1  fhept-z  -er.e  or 

i,6 

2,3,3,4,4,5,S.6-octaf:uorotricysioC5.2.!  .3  1  dec -3  -  er.e ,  the 

Diels-Alder  adducts  of  c yc t open  tad ; one  with  per f 1 ucror scene  and 
per  f 1 uc  r  zzyc 1  open t er.e  respectively,  with  catalysts  derived  from 

4-  io  _.  i  _ _ 

r"  ^  t  ‘  :  wlr  f  j  ,  i  .*»  .  3  1  C  zc  .'  ’/d  ;  jf.  l  *  T.  ,'  i  5  t,  3  Wit  t  Ti  rr  -r  z  f  .  .  3  \ 

reccrt  that  the  ::  -  i  some  r  of  the  add  t  of  male.;  ar.hviride 


w.tr.  eye  . 


.  s  more  read;./  po  .  yzie  . 


t,  \  t?  MSV.s  !  I  V  3"'  T.?"h 


'-•*  - fol  : 


»ub  s  t  i  t  -;er.  t  3  at  the  r  emc  t  a  Cr 


sites  sr.:  . 


: renounced  effect  on  the  course  of  the  preparation  reaction, 


the  donor  properties  of  the  double  bend,  bo t h  effects  are 
possible  but  would  be  expected  to  be  small.  Or.  the  other  hand 
substituents  may  be  expected  to  have  a  profound  effect  on  the 
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j  .  V  .  *  .  !  v  i  r.  ,  "  C  !  •=  f  .  r.  X  *  t  ^  *  h  ■?  j  .  i  "  ,  A  ■:  a  i  *:*  m  ;  ;  P  -  ?  j  s  .  L  1  ?  "*  , 

4.  V . J . Feast  and  B . V i i son ,  J. Mol. Cat.,  e  ,  277  (1930/.  f 

5.  D.R.A.Perry.  FI uo r me  Chemistry  Reviews,  Vo  1 uae  1  ,  1967 

6.  G  M.Brcohe,  R.S.  Mat  thews  and  A  .C  .  Your.'j  ,  J  .  Chon:  .  £  .  ,  Ferr.  :n 
T  r  a  r.  s  .  I  ,  1  4  11  •  1  977  /  ;  and  G  .  M  .  B  r  c  ;  1-  =  =,  r.d  A  'VYn.tj.  *  .  ?  1  . :  r  :  - 


V  J  .  F  s  .-it  and  .  A  .  H  .Sr.r-.ad5,  Pa'  yn  r  .  5:r<:it8  i  f  . .  f  .  t  '  .  :  a  •  . 

3  .  A  ,  i  .  A  i  ,  J.ar,  i  a .'  ,  r  .  !v  u,ac..a ara  ,  -  -  .  a  a  *  a  .  .  .  ,  .  .  .  .  ;  .  n  _  .  ,  _  r.  a 

B  .  .  .  .  a  c  n  ,  ;  a  ,  yaa.-  ,  a  a  a  a  .  led  tar  cue  .  .  .  a  .  ar.  .  -  c  - 

9.  F  .”.51  a:':,  r. .  re  ^r.  J  V.  J  .F-sact  .  ":ly..:er,  ac._ap.ed  f 

pul. :  .  c  a  t  i  or.  1  sC-  •: 

ID.  A  .  B  .  A  I  i  aur.  i  a  r  ,  rh.D.  Thesis,  Durham  university,  1933 
11.  I  .  S  .  Mi  1  1  i  champ  ,  Fh.D.  Thesis,  Durham  Cr.  i  ve  r  s  .  t  y  ,  1  93  3  . 

!?.  K.F.Cas  trier  ar.J 
14.  See  ref  3  ,  pa.je 


N  .  7  a  1  d  e  r  ar.  ,  J  .  Ms  1  .  T  a  t  .  , 
215,  scheme  11.'. 
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PAPER  2 

THE  RING  OPENING  POLYMERIZATION  OF  2 , 3-8IS(TRIFLUOROMETHYL)BICYCLO[ 2,2.1 1HEPTA- 
2. 5-DIENE 

5  u. Tim  a  r  y 

The  po lymer i ration  of 

2.  J -b i s ( t  r i f luor erne t hy libicycla!2.2.l  'hep La-2, S-diene  through  the 
agency  of  catalysts  based  or*  tungsten,  no !  ybdenum  and  ruthenium 
compounds  gives 

pc  !  y  (  7 , 5  -  (  1  ,  2  -  b  i  s  -  t  r  i  f  1  uo  r  erne  t  hy  1  >•' yclo  pent  enylene' vinyl  enels  w  i  t  r, 
varying  proportions  of  cis  vmylene  units.  Analysis  of  the  infrared 
and  high  field  ,3C-nmr  spectra  of  the  different  polymers  is  consistent 
with  the  hypothesis  that  catalysts  based  on  VCI4  give  a  polymer  with  a 
53:53  random  distribution  of  cis  and  trans  vinylenes,  those  based  on 
RuC  I  1  give  predominantly  trans  vinylenes  (ca. 70%),  and  those  based  on 
X0CI5  give  a  higher  trans  vmylene  selectivity  (ca.73%). 

1 NTRODUCT 1  ON 

The  recognition,  study  and  exploitation  of  the  stereoregular 
polymerization  of  alhenes  is  one  of  the  more  notable  achievements  of 
polymer  science.  An  ability  to  regulate  the  fine  details  of 
microstructure  extends  the  range  of  materials  available  from  a 
particular  monomer,  and  frequently  there  are  spectacular  differences 
in  properties  between  a  stereoregular  polymer  and  its  atactic 
an a  1 ogue . 

Despite  their  relatively  high  cost,  a  number  of  f 1 uoropo 1 ymer s 
have  shown  sufficiently  unusual  properties  to  justify  their 
development  and  exploitation. 

In  the  light  of  the  two  preceding  observations  it  is  rather 

surprising  that  the  literature  contains  relatively  few  references  to 

2-6 

stereoregular  f 1 uor opo 1 yme r s  and,  to  the  best  of  our  Knowledge,  no 

examples  of  the  genre  are  produced  commercially. 
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Stereoregular  polymer izat Jon  of  vinyl  monomers  is  usually 
achieved  through  the  agency  of  Ziegler-Natta  catalysts.  A  closely 
related  process  is  metathesis  ring  opening  polymerization  which,  in 

favourable  cases,  can  be  shown  to  give  totally  stereoregular 

8  S 

materials.  ' 

We  became  interested  in  the  possibility  of  making  stereoregular 
f luoropolymers  a  few  years  ago,  and  this  paper  is  the  first  in  a 
series  in  which  we  will  describe  the  results  of  oui  investigations 
into  the  synthesis,  structure  and  properties  of  such  materials.  We 
choose  as  our  starting  point  metathesis  ring  opening  of  polycyclic 
f luor  mated  alkenes  and  related  monomers.  In  our  first  publications  in 
this  field  we  reported  that  partially  f luor mated 

bicyc 1 o t 2 . 2  .  1  Jheptenes  and  -heptadienes  may  be  polymerized  by  ring 

opening  at  the  unsubstituted  double  bond  with  a  range  of  catalysts 

•o 

derived  from  VCl^,  To  extend  these  initial  observations  to  the 
synthesis  of  stereoregular  f luoropolymers  required  that  appropriate 
monomers,  catalysts,  and  reactions  conditions  -were  found,  and  that 
unambiguous  analytical  criteria  for  polymer  microstructures  be 
established.  Thus,  for  the  generalized  structure  1  undergoing  ring 
opening  at  A  to  give  polymer  2  (see  Figure  1),  complete  definition  of 
the  microstructure  of  2  requires:  the  distribution  and  sequence  of  cis 
and  trans  vinylenes;  if  ring  B  is  unsymme t r i ca 1 1 y  substituted,  the 
distribution  and  sequence  of  head-to-head  ( HH ) ,  head-to-tail  ( HT ) ,  and 
tail-to-tail  <TT>  assemblies;  and  the  distribution  and  sequence  of 
meso  <m>  and  racemic  (r)  dyads  (the  allylic  carbons  on  either  side  of 
the  vinylene  unit  are  chiral  and  may  have  opposi t  ?  chirality  giving 
meso-  or  m-dyads  and  isotactic  polymer,  or  the  same  chirality  giving 
racemic-  or  r-dyads  and  syndiotactic  polymer).  The  stereochemical 
relationship  o  f  Rp  to  the  aliyl-vinyl  carbon  -  car  bon  bond  also  requires 
definition  in  the  case  shown  in  Figure  1 . 
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Analysis  at  this  level  has  been  completely  established  for  a  wide 
range  of  methyl  substituted  norhornenes  and  reported  in  a  series  of 

ii 

papers  and  a  recent  booh.  It  is  now  clear  that  the  detailed  outcome 
of  this  type  of  polymerization  is  a  complicated  function  of  the 
structure  and  concentration  of  both  the  monomer  and  the  catalyst,  the 
solvent,  the  temperature  and  even  the  sequence  of  mixing  (see  chapters 
11,12  and  13  ref.  11).  For  example,  the  pol yme r ization  of  norbornene 

with  tungsten  based  catalysts  leads  to  polymers  with  cis  vinylene 

12 

contents  varying  from  95%  to  39%,.  In  order  to  simplify  the  possible 
outcomes  we  decided  to  looh  first  at  the  polymerization  of 
2 , 3 -b i s ( t r i f 1 uor ome t hy 1  ) b i c yc 1 o t 2 . 2 . 1  1 hept a  -  2 , 5 - d i ene  <3>,  since  this 
symmetrical  monomer  cannot  give  rise  to  HT , HH  and  TT  effects  and  there 
are  no  compl ications  from  exo-/endo-  isomerization. 

EXPERIMENTAL 

Genera  1  .  Standard  vacuum  line,  inert  atmosphere  and  dry  box  techniques 
were  used  in  all  operations  involving  solvents,  catalysts, 
cocatalysts,  monomer  and  polymers.  The  inert  gas  was  nitrogen,  the 
laboratory  supply  had  < 1 0ppm  Oj .  the  gas  was  dried  through  liquid 
nitrogen  cooled  traps  and  circulated  via  glass  or  metal  tubing, 
flexible  connections  were  of  nylon  tube. 

So  1  vent  s .  Toluene  was  dried  over  sodium  in  the  presence  of 
benzophenone  until  a  permanent  blue  colour  was  obtained,  and  distilled 
as  required.  Chlorobenzene  was  refluxed  over  PjOj  ,  distilled, 
degassed  and  stored  under  dry  nitrogen. 

Catalysts  and  coc a t a  1 ys t s . VC  1 ^  was  prepared  from  VC j  and 

IO 

hexach 1  or  opr opene  ,  stored  and  manipulated  as  described  prev.ously. 

TiClj^,  RuC  1 1  ,  OsClj  .(CHjl^Sn,  MoClg,  ReCljand  <n-C^Hq>  Sn  were  used  as 

10 

suppl  ied.  <  C$  H  5  >  ^Sn  was  pu  rifled  as  described  previously.  A1 um i n i urn 
alkyls  were  supplied  by  K  .  Wade  (this  Department).  C4H  5  (  CH^jO  )  C- V  !  CO  )j  wa  s 
prepared  by  the  published  route. 
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Monomer .2.3-Bis<trifl uorome thyl )bicyclo[2.2. 1 ]heptd-2 .S-diene  1 ^  a 
Known  compound;  in  a  typical  synthesis  hexa f 1 uorobut - 2- yne 
( 3 3 . 9g , 2 0 9mmo 1 e s )  ,  eye  1  open t a d i ene  (  1  3 . 8g , 2 09mmo 1 e s >  and  hyd r oqu i none 
(0.05g>  were  sealed  under  vacuum  in  a  Fyrex  ampoule  (ca.  150ml  >  and 
left  at  room  temperature  for  24hrs.  Previous  reports  advocated  a 
period  of  heating;  however,  we  observed  that  the  reaction  is 
exothermic  and  the  initial  two  phase  mixture  generally  became 
homogeneous  overnight,  on  the  rare  occasions  when  we  observed  two 
phases  remaining  after  24hrs.  the  ampoule  was  heated  to  ca.  I00*C  for 
a  further  24hrs.  to  ensure  reaction.  Monomer  3  was  recovered  by 
fractional  disti 1 Jat ion  ( Vigreux  column,  10cm,  3  Atmosphere,  b.r. 

120-122#C)as  a  colourless  liquid  ( 38 . 5g , 1 69mmo 1 es , 80% ) ,  this  synthesis 
generally  gave  3  in  yields  between  78%  and  98%,  the  product  was  almost 
invariably  contaminated  with  a  trace  of  eye  1 opentad i ene  which  was  not 
removed  by  careful  fractional  distillation.  Cyc 1 opentad i ene  is  a 
poison  for  some  metathesis  catalysts;  however,  we  have  found  that  when 
3  is  stored  over  maleic  anhydride  and  filtered  through  a  fine  glass 
sinter  prior  to  use,  satisfactory  "polymerization  grade"  material  was 
obtained  in  which  no  trace  of  c yc 1 opent ad i ene  could  be  detected  by 
high  field  H  and  nmr  or  by  gas  chromatography.  The  1 H  nmr 

spectrum  of  3  recorded  at  300.13MHz  showed:  an  ABq  6a .  2.08;  ,  2.26; 

-U&  ,  6 . 95  Hz  with  A  limbs  unresolved  ( FVHM  •"*  5  Hr  )  and  B  limbs  as  triplets 
J  =  1  . 64Hr < 2H-7 >  ;  a  singlet  £  .  3.90  CFVHM=6Hz>  <  H -  1  and  H-4);  and  three 
lines  centred  at  6  ,  6.92  ppm  wrt  internal  TM5  <J=1.95Hz>  (H-S  and 
H-t )  . 


The  proton  decoupled  C  nmr  spectrum  recorded  at  75.47MHz  showed 
signals  at  53.3  <C-7>,  74.0  (C-1.C-4),  122.9  q  (J  =  270Hr)  CFj  ,  142  9 

(C-5,C-6>  and  149.4  m  (C-2.C-3)  ppm  wrt  internal  TMS . 
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Polymerizations.  Polymerizations  were  carried  out  using  a  two  necked 
round  bottom  flask  as  the  reaction  vessel.  A  teflon  coated  stirrer  bar 
was  included  and  the  contents  were  stirred  magnetically  in  the  initial 
stages  of  reaction  and  during  dissolution  of  products.  Generally  both 
joints  were  fitted  with  three  way  teflon  taps  and  connected  to  the 
vacuum  and  dry  nitrogen  line;  sometimes  only  one  neck  was  connected  to 
the  line,  the  other  being  closed  with  a  rubber  septum  seal.  All 
flasks,  syringes,  sintes,  etc.  were  oven  dried  and  stored  in  a  vacuum 
dessicator  prior  to  use.  The  monomer,  solvents,  catalyst  solutions, 
and  cocatalysts  were  introduced  into  the  reaction  vessel  using 
gas-tight  syringes;  either  by  inserting  the  syringe  needle  well  into 
the  flask  via  the  bore  of  the  tap  and  against  a  counter  current  of 
nitrogen,  or  through  the  septum  seal.  These  experiments  have  been 
conducted  over  a  period  of  eight  years  and  several  sequences  of 
addition  of  the  various  components  were  investigated  and  various  minor 
modifications  of  technique  were  used;  for  the  examples  reported  in 
Table  1  these  variables  did  not  appear  to  have  a  major  effect  on  the 
outcome  of  the  polymerizations,  there  was  an  element  of  variability  in 
the  yields  but  product  structures  (see  later)  were  not  significantly 
changed.  In  most  cases  the  activated  catalyst  was  prepared  in  a 
separate  flask  and  transfered  to  the  reaction  vessel  using  a  syringe; 
in  the  cases  when  there  was  r.o  polymerization  the  efficacy  of  the 
catalyst  was  checked  by  injecting  a  sample  of  the  same  catalyst  into  a 
solution  of  norbornene,  all  the  catalysts  mentioned  in  this  work  were 
effective  in  polymerizing  norbotr.ene  by  ring  opening.  The 
po 1 yme r i z a t i on s  were  terminated  by  addition  of  methanol.  The  results 
of  a  selection  of  these  experiments  are  recorded  in  Table  1.  Most 
samples  of  polymer  were  soluble  (CHCij  and/or  (CHjijCO)  and  were 
pur lfied  by  reprec ipi tat  ion  into  methanol  or  pentane.  The  samples  were 
characterized  by  infrared  and  C  nmr  spectroscopy.  These  materials 
were  obtained  as  white  granular  precipitates,  they  could  be  solvent 

cast  to  give  transparent  films.  They  typically  showed  values  of 

- 1  m 

between  0.3  and  1  dl.g  .for  viscosities  measured  in  MEK  at  25  C. 
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Table  1.  Polymerisations  of  2 . 3-bi.s(  t  ri  f  luoromethyl  ~) b i  cyel  o[  2  ■  2 . 1  ]hept- 

2,5-diene,  3 


Expt . 
No . 

Catalyst3 

Cocatalyst 

Molar  Ratio 
Cat :  Cocat : 3 

Sol vent'"’ 
(ml) 

^  C 
Temperature 

(°C) 

Time 
(hrs.  ) 

Yield^ 

c* 

/o 

1 

wci6 

none 

1:370 

T,  10 

RT 

3 

n 

2 

II 

11 

1  :200 

C,  1.1 

50 

48 

4 

3 

It 

(C6H5}4Sn 

1 :2:400 

T,  10 

RT 

0-5 

70 

4 

It 

It 

1:2:150 

II 

1 

so 

5 

II 

II 

II 

c,  10 

II 

1 

76 

6 

II 

(nC4H9)4sn 

1:2:60 

T,  10 

II 

1 

75 

7 

II 

(CH3)4Sn 

It 

II 

II 

l-S 

20 

8 

WClft/Na,09 

(iC4HQ),Al 

1:3=350 

II 

It 

3 

77 

9 

II 

none 

1:1:400 

II 

II 

1 

10 

10 

C6H^(CH^0)C=W(C0),. 

" 

1:60 

II 

48 

0 

11 

Tl 

Tid4 

1:2:60 

II 

18 

30 

12 

fl 

II 

II 

II 

50 

2 

25 

13 

MoClj 

none 

1  :200 

neat 

80 

48 

2 

14 

It 

(c6H5)4Sn 

1:2:60 

T,  10 

RT 

18 

75 

15 

11 

(CH1)7A1C1 

It 

II 

II 

It 

74 

16 

II 

(CH3)4Sn 

1:2:70 

C,  10 

II 

3 

70 

f 

17 

II 

It 

1:2:200 

c,  3 

-20 

48 

20 

18 

If 

II 

It 

c,  1 

50 

2  mins 

25e,g 

19 

II 

11 

II 

c,  1 

-20 

48 

2g’f 

20 

RuC13 

none 

1  :200 

CE,  0-5 

50 

36 

21 

21 

II 

11 

II 

CE,  2 

65 

65 

30 

22 

II 

(CH3)4Sn 

1  : 2  :-200 

CE,  1.5 

40 

2.5 

74 

a)  We  vere  unable  to  polymerise  J  with  OsCl^,  ReCl^  or  ReCl ^/(CH^)^Sn  although 
the  catalysts  were  active  with  norbornene. 

b)  T-toluene,  C-chlorobenzene,  CE-l;l(vol  for  vol )  mixture  of  chlorobenzene 
and  ethanol. 

c)  RT-room  temperature,  roughly  1 5  *_  5°C.  The  polymerization  was  often 
noticeably  exothermic,  no  monitor  of  temperature  was  placed  in  the  vessel. 

d)  After  reprecipitation  and  drying  under  vacuum  for  at  least  24  hrs. 

e)  Polymerization  quenched  at  low  conversion  to  aid  work  up. 

f)  Insoluble. 

g)  Chain  transfer  agent,  oct-A-ene,  added  to  limit  molecular  weight. 


24 


RESULTS  AND  DISCUSSION 

Gene r a  1  .  The  objective  of  this  work  was  to  investigate  the  effect 
of  catalyst  and  reaction  conditions  on  the  structure  of  the  polymer; 
however  there  are  some  points  emerging  from  the  data  in  Table  1  which 
merit  comment  before  we  consider  the  details  of  chain  microstructure. 

It  is  clear  from  Experiments  1,  2,  13,  and  20  that  the  single 

component  catalysts  WC 1 t ,  MoC 1 j ,  and  RuClj  all  polymerize  monomer  3; 

but  the  Fischer  carbene  (Experiment  1 0  > ,  which  initiates  the 

tS 

polymerization  of  norbornene,  was  ineffective  for  the  room 
temperature  polymerization  of  3  without  an  activator.  Neither  OsClj  or 
ReClj  polymerized  3  in  any  of  several  attempts  with  or  without  an 
activator,  this  failure  was  not  a  consequence  of  the  presence  of 
fluorine  substituents  in  the  monomer  because  related  t r l f 1 uor ome thy  1 
substituted  norbornenes  can  be  polymerized  by  these  catalysts  (see 
Part  III,  this  series).  It  may  be  that  some  potential  catalysts  can  be 
inhibited  by  3,  which  may  possibly  act  as  a  bidentate  ligand. 

At  one  point  we  were  concerned  that  there  might  be  chemical 
reaction  between  our  catalyst  systems  and  the  toluene  used  as  solvent 
in  many  of  the  polymerizations,  the  components  have  Lewis  Acid 
character  and  toluene  is  susceptible  to  electrophilic  attack.  In  all 
our  recent  work  we  have  used  only  chlorobenzene  in  order  to  avoid 
considerations  of  this  kind,  however,  experiments  4  and  5  which  differ 

only  in  the  solvent  used  gave  polymers  which  were  virtually  identical 

13 

in  structure  and  amount;  their  infrared  and  C  nmr  spectra  were 
supe r l mpos ab 1 e  and  there  was  no  evidence  for  incorporation  of  benzyl 
residues  in  the  polymers.  The  results  of  experiments  1  and  2  are 
consistent  with  the  hypothesis  that  toluene  may  play  a  role  in  the 
generation  of  the  active  catalytic  species  when  no  activator  is 
present . 

Molybdenum  based  catalysts  showed  a  greater  capacity  than  either 
tungsten  or  ruthenium  systems  to  regulate  the  vmylene  stereochemistry 
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in  the  polymerization  of  3;  consequently  we  made  a  more  detailed  study 

of  the  polymerization  of  3  initiated  by  MoC 1 5 / ( CH 3 Sn .  This  catalyst 

rapidly  polymerizes  3  at  or  above  room  temperature  to  a  high  molecular 

weight  material  which  dissolves  only  slowly,  the  introduction  of 

oct-4-ene  as  a  chain  transfer  agent  (experiment  18)  allowed  us  to 

13 

obtain  a  more  readily  soluble  sample  for  C  nmr  investigation.  The 
objective  of  experiment  17  (Table  1)  was  to  increase  the  catalyst 
selectivity  by  lowering  the  reaction  temperature;  the  reagents  were 
mixed  at  ca.-50*C,  sealed  under  nitrogen, and  maintained  at  -20*C, 
although  reaction  occured  under  these  conditions  the  product  was 
insoluble.  When  oct-4-ene  was  included  in  this  reaction  (experiment 
19)  in  an  attempt  to  lower  the  product's  molecular  weight  the  only 
effect  was  a  decreased  yield;  possibly,  at  the  lower  temperature,  the 
oct-4-ene  occupies  active  catalyst  sites  with  degenerative  metathesis 
rather  than  acting  as  a  chain  transfer  agent.  The  products  of  these 
low  temperature  polymerizations  have  proved  insoluble  in  any  of  a  wide 
range  of  solvents,  yet  it  seems  unlikely  that  cross  linking  will  be 
prevalent  in  these  reactions  conducted  at  -20*C  in  the  dark  but  not 
occur  in  the  same  system  at  50*  C  under  normal  laboratory  lighting.  It 
is  possible  that  this  insolubility  is  a  consequence  of  the  polymer 
microstructure  produced  under  the  low  temperature  conditions, 
unfortunately  it  also  inhibits  the  investigation  of  microstructure  by 
C  nmr. 

Microstructure  .  The  structure  of  polymers  of  this  type  can  be 
studied  by  infrared  and  nmr  spectroscopy,  high  field  solution  phase  3C 
nmr  has  generally  proved  a  particularly  valuable  analytical  probe.  The 
general  considerations  involved  were  indicated  in  the  Introduction,  in 
the  specific  case  of  polymerization  of  3  there  are  only  four  possible 
assembly  modes  as  indicated  in  Figure  2. 
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Figure  2.  Possible  assembly  modes  for 

po 1 y  <  3 . 5  -  < 1  , 2 -b 1 s ( t  r l f 1 uor  ome  t  hy 1  ) -  eye  1  open t  y 1 ene ) v 1 ny 1 ene ) ;  •  C-H  bond 
approaching ,  °  C-H  bond  receding  from  the  viewer. 
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In  an  earlier  publication  we  discussed  the  nm  r  spectrum  of  a 
sample  of  po 1 y ( 3 , 5  ■  t 1 . 2 -b i s I t  r i f I uor  ome  t  hy 1 ) eye  1  open  t  eny 1 ene Iviny 1 enr ) 
produced  as  in  experiment  3,  and  concluded  that  the  polymei  had  the 
overall  structure  expected  from  ring  opening  polymerization  at  the 
unsubstituted  double  bond  and  had  a  54:46  distribution  of  cis  and 
trans  vinylenes  respectively  (  *0.54).  Since  the  proporti on  of  c is 

vinylenes  '  ffc  )  was  so  close  to  8.5  there  was  some  uncertainty 

concerning  the  reliability  of  the  assigned  line  orders  for  the  signals 

arising  from  vinyl,  allyl,  and  methylene  carbons.  To  a  large  extent 
the  assignments  rested  on  analogies  with  earlier  analyses  of  the 
spectra  of  polynorbornenes  and  po 1 ymethy lnor bor nenes  which  had  been 
worked  out  by  Ivin  and  co-workers.  In  this  extension  of  the  work  we 
have  obtained  polymers  of  3  with  a  range  of  values  of  (Tj  and  as  a 
consequence  of  this  extra  data  are  able  to  make  assignments  on  a  mere 

secure  basis.  The  spectrum  of  a  polymer  of  3  produced  using  the 

catalyst  RuC 1 3  /  (CH j )^ Sn  is  shown  in  Figure  3,  which  also  illustrates 

the  use  of  distortionless  enhancement  by  polarization  transfer  <DFPT) 

1* 

in  confirming  the  assignment  of  peaks. 

The  lowest  trace  is  the  normal  broad  band  decoupled  spectrum,  and  is 
similar  to  that  published  previously  (Polymer  XII,  Fig.t  Ref. 10b) 
albeit  with  much  improved  signal  to  noise  and  resolution:  the  middle 
trace  shows  only  those  carbons  carrying  a  single  hydrogen;  and  the 
upper  trace  shows  carbons  carrying  a  single  hydrogen  in  the  normal  way 
with  those  bearing  two  hydrogens  inverted.  Quaternary  carbons  do  not 
appear  in  these  DEFT  spectra  and  methyl  carbons  (had  they  been 
present)  would  have  appeared  normally  in  the  upper  trace.  The  bands  in 
this  spectrum  appear  to  be  fairly  symmetrical  but  also  fairly  broad, 
there  is  one  interesting  sign  of  fine  structure  in  that  the  smaller  of 
the  two  vinylic  carbon  signals  appears  to  be  split  into  a  doublet.  If 
the  vinylic,  allylic,  and  methylene  signals  are  assigned  as  shown  in 
Figure  3,  the  computed  values  of  CTc  ,  0.36,  0.36, and  0.34 
respectively,  are  internally  consistent.  In  this  assignment  the  line 
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order  for  the  allylic  and  methylene  signals  parallels  that  found  in 
po 1 yno r bor nene  and  polymethyl  norbornenes  although  the  line  order  for 
the  vinylic  carbons,  with  C-4<c)  about  1 . 5ppm  upfieid  of  C-4(t>,  is 
the  reverse  of  that  found  in  po 1 yno r born ene  and  its  derivatives.  In 
the  spectra  of  polymers  formed  by  ring  opening  of  monocyclic  and 
bicyclic  alkenes  the  signals  from  the  allylic  carbons  adjacent  to  cis 
vinylenes  are  always  found  ca.Sppm  upfieid  from  those  due  to  carbons 
adjacent  to  trans  vinylenes;  the  separation  of  cis  and  trans  vinylene 
carbon  resonances  is  smaller,  ca.0.4  to  1.5 ppm ,  and  the  observed  line 
order  is  variable,  for  example  in  po 1 yno r bo r nene  trans  vinylene 
carbons  are  found  upfieid  with  respect  to  their  cis  counterparts 
whereas  in  po 1 y ( 1  -  pen t eny 1 ene )  the  relative  line  order  is  reversed. 
Thus  the  assignments  shown  in  Figure  3  are  internally  consistent  and 
in  agreement  with  results  reported  previously.  Figure  4  records  the 
spectra  of  polymers  prepared  from  3  using  the  catalyst  systems  MoC 1 5 
/(CfHjl^Sn  I4al  and  VC  1 j / < C^Hj >^Sn  C  4  b 1  at  room  temperature,  the 
resolution  in  these  spectra  is  somewhat  better  than  that  in  Figure  3. 
We  have  obtained  high  field  '*C  nmr  spectra  on  a  variety  of  samples  of 
po 1 y  <  3 , 5  - ( 1  , 2 • b 1 s - <  t  r 1 f luorome t  hy 1 ) eye  1  open t  eny 1 ene ) v 1 ny 1 ene  >  from 
three  different  spectroscopy  laboratories  with  good  agreement  in 
observed  chemical  shifts  and  with  spectral  resolution  somewhat  better 
than  that  reported  in  our  earlier  work.  Spectrum  4b  displays  the  best 
resolution  and  the  highest  number  of  resolved  signals  with  lines  at; 

138.3  <q, J»25Hz ,C-5> ;  131.6  &  131.1  <C-4t>;  130.5  &  130.3  <C-4c>; 

120.4  <  q  , J -  2  7  0Hz  C-6);  46.2  <  C - 2 1  >  ;  43.1  &  sh  at  43.2  <C-2c>;  36.9 
( C  -  3  c  c  )  ;  36  4  &  36.1  <  C  -  3c t  ^  C - 3 1 c >  ;  35.5  &  35.2  <  C - 3  1 1  >  for  a 
spectrum  recorded  at  90.56MHz  in  (CDjljCO  solution  with  TMS  as 
internal  reference.  The  multiplicities  observed  for  vinyl,  allyl  and 
methylene  s 1 gna 1 s  must  be  a  consequence  of  small  differences  in  the 
environments  of  the  particular  nuclei.  Thus,  the  four  signals  observed 
for  the  vinyl  carbons  could  be  due  to  cis  and  trans  double  bonds  in 


meso  and  racemic  dyads,  or  to  cis  and  trans  vinylic  carbons  with  next 


nearest  cis  or  trails  neighbours;  however,  from  this  data  it  is  not 
possible  to  decide  whether  these  differences  are  a  result  of  m/r-dyad 


effects  or  a  consequence  of  vinylene  sequence  effects. 

In  Table  2  illustrative  values  of  computed  from  the  vinylic, 

allylic,  and  methylene  cartor.  signals  for  eight  samples  are  recorded 

Table  2.  Fraction  of  cis  vinylenes  (o^)  for  samples  of  poly ( 3 , 5- ( 1 , 2- 
bis( trifluoromethyl Icyclopentenylene ) vinylene  ) 


Expt . 
No. 

Catalyst 

0 

c 

From 

vinylene 

carbon 

signals 

From 

allylic 

carbon 

signals 

From 

methylene 

carbon 

signals 

Average 

4 

WC 1 ,  /  (  C .  H  , )  .  Sn 

6  6  5  4 

0.47 

O.48 

0.44 

0.4h 

7 

VCl6/(CH,)4Sn 

0.47 

0.47 

0.45 

0.46 

12 

CxH.(OLO)C-V(CO)r/TiCl4 
°  3  5  4 

0.54 

0.51 

0.49 

0.51 

14 

MoCl j/(C^H jl^Sn 

0.15 

0.12 

0.13 

0.13 

15 

MoC15/(CH3)2A1C1 

0.12 

0.10 

0.09 

0.10 

16 

MoC1-/(CH  J.Sn 

5  s  4 

0.15 

0.15 

0.10 

0.13 

20 

Rud3 

0.20 

0.29 

0.26 

0.25 

22 

RuCK/(CH  J.Sn 

3  3  4 

0.36 

0.36 

0.34 

0.35 

It  can  be  seen  that  catalysts  based  on  tungsten  gave  polymers  with 
values  of  <rc  0.5  irrespective  of  the  cocatalyst  or  solvent,  those 

based  on  molybdenum  gave  polymers  with  arc  —  0  .  1  ,  and  the  ruthenium 

catalysts  gave  products  with  *■'  0.3.  The  tungsten  derived  catalysts 

13 

also  gave  the  most  complex  C  nmr  spectra,  the  multiplicity  of  signals 
being  consistent  with  a  more  or  less  random  assembly  of  the  various 
possible  sub-units;  such  a  result  being  reasonable  for  the  reaction  of 
an  active  non -d i sc r i m l na t i ng  catalyst  with  a  readily  polymerized 
monomer .  Ruthenium  catalysts  generally  give  polymers  with  a  high  trans 
content,  the  results  reported  here  are  consistent  with  this  trend. 
Molybdenum  based  catalysts  have  been  reported  to  give  polymers  of 
norbornene  varying  from  high-cis  to  high-trans  vinylene  content  so  the 
result  reported  here  is  unremarkable.  It  is  clear  from  the  above  data 
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that  the  most  structurally  regular  polymer  produced  in  this  worl  is 
that  derived  from  molybdenum  based  catalysts,  it  is  also  clear  that 
the  structural  assignment  rests  heavily  on  analogy  with  earlier 
analyses  of  related  systems.  We  have  attempted  to  put  the  assignments 
on  a  firmer  basis  by  studying  the  polymer  structure  as  a  function  of 
polymerization  temperature,  and  by  careful  analysis  of  tne  infrared 
spectra  of  polymers  with  differing  cis/trans  vinylene  contents. 

Monomer  3  was  polymerized  with  MoC I5 / ( CH3 >^,Sn  in  chlorobenzene  at 
temperatures  in  the  range  2 0'C  to  100*C.  As  far  as  possible  all 
experimental  variables  except  the  temperature  were  Kept  constant,  the 
reaction  vessel  was  submerged  in  a  constant  temperature  bath  and  the 
polymerization  temperature  was  measured  in  the  chlorobenzene  solution. 
However,  because  of  the  small  scale  of  the  experiments,  the 
exo t he r m 1 c 1 t y  of  the  reaction,  and  the  difficulty  of  efficiently 
stirring  a  mixture  whose  viscosity  changed  rapidly  during  the 
reaction,  it  proved  difficult  to  regulate  the  polymerization 
temperature  with  any  real  precision.  Figure  5  is  a  graph  of  %-trans 
vinylene  content  as  a  function  of  polymerization  temperature  for  the 
polymers  produced  in  the  experiments  described  above.  The  straight 
line  drawn  through  the  points  represents  a  least  squares  fit  to  the 
data  points,  while  it  serves  as  a  "guide  to  the  eye”  there  is  no 
theoretical  justification  for  assuming  a  linear  relationship. 

It  is  clear  that  the  effect  of  temperature  is  not  particularly  marl.ed 
in  this  system  in  the  temperature  range  investigated.  There  is  a 
slight  trend  towards  an  increase  in  trans  content  with  increasing 
temperature,  which  is  consistent  with  reasonable  expectation  and 

marginally  increases  confidence  in  the  earlier  assignments  Lowering 
the  reaction  temperature  increases  the  cis  vinylene  content  of  the 

polymer;  at  polymerization  temperatures  only  a  little  below  room 
temperature  the  polymer  becomes  insoluble  (see  Table  1  and  earlier 
discussion)  if  the  trend  followed  in  Figure  5  is  continued  the  onset 
of  insolubility  must  occur  at  a  fairly  low  cis  content,  a  convincing 
rationalization  of  this  observation  is  not  immediately  obvious. 
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We  have  carefully  compared  the  infrared  spectra  cf  thin  films  of 
polymers  from  experiments  7  and  16  (Tables  142).  There  are  three 
regions  of  the  spectra  from  which  lmformation  concerning  cis/trans 
vinylene  content  might  be  expected  to  be  deduced;  namely,  the  C-H 
stretching  region  above  3000cm"1  where  the  trans  absorption  occurs  at 
a  higher  frequency  than  the  cis,  the  >C-C<  stretching  region  around 
1660cm"1  ,  and  the  C-H  cut  of  plane  bending  region  around  965cm"1 

-i  '7 

(trans)  and  700cm  (cis).  The  spectra  were  recorded  using  a  Nicoiet 
60SX  Interferometer  and  are  reproduced  in  Figure  6,  7  and  8. 

Figure  6  shows  the  C-H  stretching  region,  it  is  clear  that  in 
molybdenum  derived  sample  the  band  at  3043cm”'  (trans)  is  more  intense 

than  that  at  3022cm"'  (cis)  which  is  in  good  agreement  with  the 

<3 

assignment  based  on  C  nmr .  Figure  7  shows  the  >C  =  C<  stretching 
region  this  is  dominated  by  th_  strong  - ( CFj > C = C ( CFj ) -  band  at  1682cm"' 
,  the  shoulder  at  1660cm"'  on  the  major  peak  is  probably  the  -CH=CH- 
stretching  absorption  and  appears  strongest  in  the  molybdenum  derived 
polymer,  it  would  be  hazardous  to  attach  much  weight  to  this  data 
but, since  this  mode  should  be  strongest  for  the  cis  vinylene,  this 
evidence  tends  to  contradict  the  earlier  assignment.  Figure  8  shows 
the  region  containing  the  vinylene  C-H  out  of  plane  bending  modes,  as 
in  the  >C=C<  stretching  region  the  picture  is  complicated  since  there 
are  clearly  two  overlapping  bands  in  the  trans  (986  4  970cm  ' )  and  cis 
(730  4  718cm"' )  regions,  it  may  be  that  in  both  cases  both  the  bands 
are  out  of  plane  bending  modes  for  vinylenes  in  meso  and  racemic 
dyads,  in  which  case  the  Mo  derived  polymer  contains  relatively  more 
trans  vinylenes  than  the  W  derived  product.  If  only  one  each  of  these 
pairs  of  bands  arises  from  C-H  out  of  plane  berding,  assignment  of  the 
bands  at  970cm"1  to  trans  and  that  at  730cm"'  to  cis  units  is  also 
consistent  with  the  Mo  derived  polymer  having  a  high  trans  vinylene 
content.  Thus,  the  overall  conclusion  from  an  analysis  of  the  infrared 
spectra  is  consistent  with  the  assignments  made  on  the  basis  of 
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;.3-Bis(trif luoromethyl  >bicyclo(2.2.  ]  1  hept  a-2 , 5-d i ene  3  undergoes 
ririu  opening  poiyn  cation  at  the  unsubstituted  double  bond  to  give 
polymers  in  which  the  proportion  of  cis  vinyl  er.es  depends  on  the 
catalyst  used;  tungsten  based  catalysts  gave  a~€  ~  0  .  ?■  ,  ruthenium 
based  catalysts  gave  02*0.3.  and  molybdenum  based  catalysts  gave 
0.1  at  room  temperature.  It  was  not  possible  on  the  basis  of  data 
available  to  decide  whether  the  simplicity  of  the  '®C  nmr  spectra  of 
polymers  with  a  high  trans  vmylene  content  was  a  consequence  of 
s t er eo r egu 1  a r j t y  or  simply  the  vinylene  sequence  effect. 
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PAPER  3 

THE  RING  OPENING  POLYMERIZATION  OF  ENDO-  AND  EXO-5-TRIFLUOROMETHYLBICYCLO- 
[2.2.1 1HEPT-2-ENE 

Summary 

1  7 

An  analysis  of  their  high  field  "C  nar  spectra  leads  to  the  conclusions  tha 

the  ling  opening  polymerisations  of  exo-5-t rif luoromethy IbicyoloC 2 . 2 . 1 Ihcpt- 

2-er.e  with  OsCl  .  and  of  the  endo-isomei  with  OsCl,  and  MoCl./Me.Sn  Cat.ihsts 
o  o  5  4 

all  give  atactic  polymers  with  a  high  turns  vinvlene  content  :  whei  t-a.,  the 
polymerisation  of  the  endo- isomer  with  Pod  .  Hives  a  polymer  with  e2  '  cis 
vinylones  which  are  probably  assembled  in  a  stereoreeular  manner . 


I  \TR2Dl'CTIOS 


first  paper  of  the  series.  A  significant  part  of  the  present  understanding 

of  stereoregnlat ion  in  metathesis  ring  opening  polymerisation  was  obtained 

1  1 

t  ro-  detailed  studies  or  the  '  C  mar  spectra  of  polymers  of  pethvl  se.-st  i*  •.* 

O 

r.orbornene.s."  5-Tri f luoro.~et.hy Inorbornenes  are  readily  accessible  and  in  th 

1. 


report  a  .sh.dv 


i 


,ir.s  OsCl.. 


1  C  tir.r  spr.tr.i  of  some  of  the  it  poly  ••-r-. 

th.1  I  .  <0K,l  ,S:1  catalysts. 


CP, 

o 


1  endo  ]  exo 

recovered  by  distillation. 


The  ‘  F  n.m.r.  spectrum  of  the  mixture  of  isomers  of  I  consists  of  two 

signals  at  6^.0  ppm  (doublet  >5  Hi)  and  at  66.1  ppm  (doublet  IS  II  z  I 

[shifts  are  upfield  from  Cd\'l  ,  as  external  reference)  assigned  to  the  exo 

o 

and  endo  isomers  respectively.  This  assignment  follows  that  given  bv  Caeje  and 

Balthaior  which  was  based  on  a  detailed  analysis  of  the  high  resolution  *H  and 

10  4  IQ 

1  spectra.  However,  in  previous  analyses  of  the  F  spectra  of  fluorinated 

monomers  in  this  group  we  have  used  the  generalisations  of  Stene,,,t>  who 

asserted  that  fluorine  atoms  or  trifluoromethvl  groups  in  exo  positions  in 

norbornene  derivatives  occur  at  lower  field  than  those  in  endo  positions.  Vie 

found  Caede  and  Balthazor's  analysis  of  this  particular  system  more  convincing 

and  accordingly  reversed  cur  earlier  assignments.  Ke  have  performed  the 

cycloaddition  under  various  conditions  (Table  1),  and  found  that  the 

proportion  of  the  isomer  corresponding  to  the  '^F  resonance  at  6b. 0  ppm  increases 

relative  to  that  giving  the  signal  at  66.1  ppm  both  with  increasing  reaction 

duration  and  operating  temperature.  Generally  in  Piels  Alder  reactions  the 

endo  adduct  is  produced  under  conditions  of  kinetic  control  whereas  the 

exo  adduct  is  favoured  at  equilibrium:  this  observation  is  therefore 

1  o 

consistent  with  the  assignment  of  the  isomer  displaying  a  F 
resonance  at  h'.O  ppm  to  the  exo  form,  and  the  signal  at  bo. 1  ppm  to  the  endo 
form.  While  the  current  picture  is  self  consistent  a  chemical  proof  remains 
desirable,  since  fluorine  substitution  often  results  in  anomalous  chemistry. 


1  !  0  1  *]  1  .  Variation  in  tin  Kt  *1  a  five  V’,:  I  ue  nf  the  (  N.m.r.  Integrations 
for  Monomer  (I)  as  Fumtion  of  React  ion  Conditions 


Temperature  Reaction  time/  I-  N.m.r.  Integration  V  icld 
o 

C  days  6S.P  ppm  66.1  ppm  ,? 


55-5 


75 


I 


Separation  of  the  exo  ami  endo  isomers  by  fractional  distillation  was 
attempted  using  a  Fischer  Spaltrohr  system  0200/01  concentric  tube  column 
( U0  plates  and  very  low  hold  up):  however,  although  there  was  an  enrichment, 
total  separation  of  isomers  was  not  achieved.  It  was  found  that  the  isomers 
could  be  separated  by  preparative  scale  gas  chromatography  (lO7*  DNP  on  ceiite  (" 
100°C) . 

Pol vmerizat ions 

Techniques,  solvents  and  reagents  were  as  previously  described.*  The 
results  of  polymerizations  of  I  are  summarized  in  Table  2.  The  product  polymer 

Table  2:  Polymerization  of  S-t rif luoromethyl bi eye  lot  2.2.1 Jhept-2- ene 


Monomer 

Catalyst 

Cocatalyst 

lxo 

OsCl  „ 
j 

None 

Undo 

OsCl 

None 

Undo 

MoCl  - 
:> 

Me  Sn 

4 

F.ndo 

ReCl  „ 

*> 

None* 

Temp. 

1  °C  1 

Time 

1  hrs. ) 

A  1  el  d 

40 

40 

r.r 

40 

i  . 

,n 

1  - 

5 

2  min.-* 

2 

*  -x 

,;0 

oi 

10 

aid-  chlorobenzene,  Cfl  -  1:1  mixture  (vol.  for  vol.l  oi  ethanol 

o 

r  l  PT  •  room  temperature,  roughly  1  S  •_  AC. 

were  all  -ol'i'ole  and  w~re  purified  by  vi»ve-,-.i  ve  epiv  i.  ;'i'i  'n 
into  methanol,  and  dried  unier  v.vuun  for  24  hrs.  T 1 1  •  *y  yne  v  i -.. 
in  acetone  from  which  trail -.parent  films  were  t  id  for  i  r  t  r  a  red  - 
examination.  See  Figure  1.  Tile  ele.meui'al  .itiily-,1-,  :e>iclt.  for  tr: 
examined  are  recorded  in  Table  j. 


F  le-er’tal  Analyses 

[  Polvmer 


Calculated  |  A,  8.  C.  P 


Ana  1  v  ^  i 

C  H  1 

S"  •  7  l.l 

S" .  I  1.2 

IS.  9  Id  '..l 

S'. 4  S.O  11.- 

- - - • —  -•  -  -- 

S‘i .  1 .  n  :  I .  • 


-  kk  - 

HI.SILT.S  ASP  DISCUSSION 

Of  the  polymers  obtained  so  far  from  5-t r i f luoromethy 1 bicyclof 2 . 2. 1 Jhept- 
2-er.es,  that  given  by  osmium  catalysed  polymeriiation  of  the  exo  isomer  gave  the 
simplest  spectrum  which  is  considered  first.  The  spectrum  and  assignments  are 
shown  in  Figure  2,  and  chemical  shifts  are  recorded  in  Table  4- 


Table  4.  1 V  N.m.r.  shifts  of  polymers  of  5-t n f 1 uoromethy 1 bi eye  1 o[ 2 . 2 ■ 1 Jhrpt -2-ei 

Shift  ppm  j 


I  F.ndo.  OsCl  . 

I - - - 

!  134.01 

133- 5o 
133.1  1 
132.73 
130.43 
130.20 
120.62 
120. ,2 
i  120.10 
!  12S. 5  'q' 

j  'j„  r  H: 

I  C-F 

i  1.40  ( m  > 


Endo .  MoCl . 

a 

1 33-o2 

133.00 

132.20 

130.00 

120.70 

120.06 

125.00 

127-71  (q> 

*J,  -  270  Hi 

i.-F 

s.46  ( m  1 


Endo .  ReCl , 


133.03 
133.03 
1  32 .  0* 


120.01 
120. 32 
120.17 

1 2*. 2*  <  q  > 

*JC-F  5  277  H" 

46.O  ( m ) 


Exo .  OsCl . 
133.20 

132.00 

132.43 


131 .86 

120. 00  (ql 
J.  _  -  277  Hi 


-  Assignment 


1 02.  t.  IH 
02.  c.  TH 
02.  c.  TT 
02.  t.  TT 
;C3.  t.  HH 
i  C  3 .  t.  HH 
,C3.  C.  HH 
| Cy.  c.  HT 
C3.  t.  HT 
C3 


C-F  ' 

4/.0  (q)  234  Hi  0  5 

01  .  t 


43. 30 

!  ■‘•'■35 

43-  37 

45.04 

43.30 

|  43-2' 

41.00 

[  41-73 

41.52 

i 

41.47 

1 

41.00 

41.70 

41-53 

42.14 

1 

42.01 

40.21 

| 

41.46 

40 . 06 

1 

| 

41.27 

38  1 

37-31 

f  37.0.3 

37.63 

1 

37.36 

\ 

37.05 

74 .  Oo 

1  3.s-77 

34-00 

.>2.^0 

v' .  7^ 

33.43 

; 42 

32 .  so 
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The  roionaniT  due  to  the  carbon  of  the  tr  if 1 uoromethyl  aroup 

is  easily  distinguished  as  a  quartet  at  120.0  ppm  ( y  717  K: ' .  The  remaining 
four  si  ana!  s  at  lav.  field  are  assigned  to  the  vinyl  carbons  0-2  and  C-3, 
correspond  i  :ig  to  Til,  TT .  H'rl  and  HT  environments  (T-T.ul,  H-Head  with  H  bein? 
the  CF.  end  of  flu-  repeat  unit'.  These  signals  are  approximately  equal  in 
intensity  which  is  consistent  with  an  equal  distribution  of  the  HH ,  HT,  TT  and  TH 
assembly  moles.  If  a.  S,  Y  and  6  substituent  shift  effects  for  the  OF,  sroup  are 
coii.s i ,lered  it  car,  be  shown  that  the  chemical  shift  difference  between  the  TH  and  TT 


ana  1  s  (<5  •  6.,  -  6j.  i.e.  6,,)  is  the  same 


is  the  HH- HT  splitting  (y  -  60  -  y ,  i.e. 


;  6  substituent  effe,  ts  are  transmit  ted  via  single  bonds  and  <S7  via 


double  bonds. 


CF,  CF,  CF.  CF, 

j  Odd 


Assembly  mode 

TT 

HH 

TH 

HT 

Carbon  Number 

C-2 

C-3 

C-2 

C-3 

Substituent  shift 
effect 

61 

y  v  62 

61  +  62 

Y 

The  magnitude  and  sign  of  the  substituent  shift  effect  is  clearly  of  importance 

to  a  reliable  interpretation  of  the  spectral  fine  structure.  In  Ivin's  pioneering 

work  in  this  area  using  methyl  substituents  these  shift  effects  are  particularly 
2 

well  documented;  however,  an  analogous  documentation  for  CF^-substituents  does 
not  appear  to  be  available.  The  effects  of  fluorine  substitution  are  often 
large  and  rarely  easily  predicted.  So  far  we  have  found  only  two  relevant  sets 
of  data:-7,8 

C,  F, ,-CH,-CH,-CH,-CH,-CH,-CH,-CH,-CH,- 
013  2  2  2  2  2  2  2  2 

31. 4  20.6  29-7  29-7  29.7 

H-CH2-CH2-CH2-CH2-CH2- 
14-4  23.4  32-7  .V.2  3O.5 

a  B  y  6  c 

6  *17.0  -3  -3  -Oo  -Th5- 
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C  F,  ,-CHo-CH„-CH  -CH.,-0l! 

0  1  .v  i-  - 

31.0  ib.1  33- i  62.7 

H  -  C  H -  C  H  9  -  C  H -  0  H . ,  -  0  H 
13.6  10.1  33-0  01 -4 

a  B  v  6' 

ft  .l". 3  -1  -2  *1.3 

This  a  drai  teed  ly  roth-T  limited  data  le'd^  ro  .1  prediction  ot  a  large  .lov.nl  j « - 1 J 
shift  for  resonance-,  of  carbons  a  to  n  CF..  a  small  upf iel  i  shift  tor  g  and  v 
carbon  resonances,  and  a  snail  unpredictable  0  effect.  Considering  specifically 
the  vinylic  carbons  C-2  ar.d  C-3  we  come  to  the  conclusion  th  it  tin  shifts  will 
be  in  the  order  C-2.  TH  -.  C-2.  TT ;  C-3-  HH ;  C-4.  HT  which  fortunately  is  the 

same  order  as  derived  by  Ivin  for  the  methyl  substituted  cases  and  r.kes 
qualitative  comparison  of  spectra  possible.  This  coincidence  of  shift  patterns 
is  remarkable  when  the  usual  differences  in  electronic  effect  associated  with 
CF,-  and  CK^-groups  are  taken  into  account.  The  TH  TT  shift  difference  in  this 
case  is  0.6  ppm  and  the  HH,  HI  splitting  is  O.63.  This  analysis  of  the  vinyl 
carbon  resonances  is  consistent  with  an  assignment  of  the  polymer  as  all  trans 
or  all  cis,  since  cis/trans  isomeritat ion  would  double  the  number  of  resonances. 
However,  infrared  spectroscopy  (Figure  1.  A)  allows  an  unambiguous  assignment  as 
all  trans.  The  C-H  cut  of  plane  deformations  for  cis  and  trans  double  bonds 
occur  at  £a.  730  and  ca.  970  cm  1  respectively,  these  can  be  useful  providing 
there  are  no  interfering  bonds  in  this  region.  In  the  i.r.  spectrum  of  this 
polymer  there  is  a  strong  signal  at  970  cm  1  and  a  vanishingly  weak  signal 
at  730  cm  *,  confirming  the  all  trans  assignment. 

The  methylene  and  metnine  signals  were  distinguished  with  the  aid  of  a  P 1 P T 
spectrum.  In  order  to  assign  these  carbons  it  is  necessary  to  consider  their 
position  relative  to  the  trif 1 uoromethyl  group  (see  above  1 .  The  signal  for  C-S. 
adjacent  to  the  trifluoronethv]  group  is  easily  identified  by  its  multiplicity 
( quartet  -J-,  y  2  '>.4  Hr).  a  consequence  of  its  coupling  to  th**  CK,,  £roup.  Signal 
due  to  C-]  and  C-4  an*  as^inn^j  as  shown  on  the  basis  of  an  expected  upficld 
B-shift  for  C-4-  Sinilarl>  the  methylene  carbon*..  C-f>  and  0-7  are  assigned  as 
shown  by  analogy  with  the  spectra  of  pol ynorbornene *  and  the  expected  small 
upficld  B  shift  of  C-h. 
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lach  0 1  these  >  .rbor  !•  — .  i  n  c f-»  (i  dll,  app-ais  as  1 1,  i'  s na  1  - .. 

This  splitting  i  -  a  t 1  r  .  V  n*  •  i  to  h<  -,i  j  t  a  i  !  e:  fr ,  r  s .  The  ;  1  i  r  t  j  n  -7  of  ; !  :<•  b  - 1 
resonance  i.->  piobably  too  1  1  to  naolvr.  the  line  is  icrt.unlv  att ' -a h. a : 
broadened.  The  intensity  of  each  signal  in  each  pair  is  approxi  ma  td  y  equal 
confirming  that  the  number  of  HH .  HT.  Til  and  TT  junctions  is  equal.  Tne  conclusion 
of  this  analysis  is  therefore  that  we  have  a  polymer  with  an  a_ll  trans  structure 
and  an  equal  distribution  of  TH ,  TT,  HH  and  HT  assembly  modes.  The  remaining 
question  relates  to  the  distribution  of  m  and  r  dyads,  and  this  cannot  be 
unambiguously  defined  on  the  basis  of  the  evidence  presented  above.  It  is 
possible  to  write  a  stereoregular  microstructure  satisfying  the  data  available,  for 
example : - 


microstructure 
trans-syndiotac  t  i' 


units  from  which 
polymer  repeat 
unit  is  built 


In  this  stereoregular  structure,  i.e.  all -trans-syndiotac tic  we  have  equal 
concentrations  of  enantiomers  of  exo-1  incorporated  and  equal  numbers  of  TH ,  TT, 

HH  and  HT  assembly  modes;  but  this  requires  an  enantiomer  selection  by  the 
catalyst  ill  tile  sequence  »*--  which  seems  a  little  far  fetched,  although  not 
ir.pos  ible.  We  believe  it  more  likely  that  this  polymer  is  all -trans  and 
atactic  and  that  m  and  r  dyad  signal.,  are  unresolved. 

The  spectra  of  the  polymers  obtained  from  the  endo  isomer  are  rather  more 
complicated.  However,  it  is  clear  from  comparison  of  the  spectra  and  chemical  shifts 
Table  41. that  Osd  ,  (figure  I)  and  Mod  _  •  Figure  4'  give  polymers  with  very  similar 
microst  ructures.  which  are  very  different  from  the  nucrostrucrure  ohtaimd  firm  ftx'.l .  (Figure  yl 
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v  :  I  ;  .  v  , :  s .  The  p  c  1 :  of  T  1  ror,  P  s.  .  ,  ,  '  \  i  s  ’ 

b”s*  : » — 1  v •  *  J  or  r h •  -  -.-r  .o  '  i  s  conside- 1  •  :  ; :  s’ .  A-,  f  •:  t  ■  •  ; 

,i  .ju.i:  :rt  (  !J  .  .  -M  fir.  I .  The  of  lour 

v  -f 

assigned  to  the  trans  TH ,  TT,  HH  and  f  f  T .  the  tasis  or  th.  i  ss .  gp'ien*  is  analogous 
to  that  used  in  the  case  discussed  ear!  ler  although  the  r.n-mt  •i.i*-  of  tin-  substituent 
shift  effect  would  be  expected  to  be  different  is  result  of  the  different 
stereochemistry,  and  it  clearly  is.  This  trails  assignment  receives  strong 
support  from  the  infrared  spectrum  of  this  polymer  (Figure  1,  H'  where  a  strong  hand 
is  seen  at  97$  cm  *  (trails  olefinic  CH  bendinel  and  there  is  virtually  no 
absorption  at  730  cm  1  corresponding  to  cis  olefinic  CS  bending.  The  HH  .signal 
is  also  resolved  into  two  peaks,  assigned  to  m  and  r  dyads.  The  splitting  can 
be  attributed  to  the  HH  assembly  modes  shown  below  which  differ  only  in  the 
orientation  of  the  cyclopentane  ring.  Normally,  mr  splitting  of  olefinic  carbon 
resonances  is  too  small  to  observe  as  a  result  of  the  insignificant  difference  in 


environment  between  ‘he  two  forms.  However,  in  the  MHr  dyad.  th*.  Of,  subst  i  t'.'-n*~ 

•  Tot  oed  in*o  dose  prove  .tv  where., s  in  »he  fidm  dead  they  are  reasonably  we!  • 

s'  pelted  si  i  r  i  1  1  y  .  Tills  r::s'  create  i.  ■  enough  difference  ip  en  V  i oum.-n  r 

t.-*ween  the  v:n;.l  .  a;  torts  ir.  the  two  forms  to  a  1  1  ow  then  To  resolved.  No 

si-1:  spl  !*•  i:i:-  Was  ob  — ••  v.. !  in  th,.-  polv-ej  derived  f  ior  e\o  monomer  and  Osi'l  , 

c  a  t  a  1  \  sis,  so  IT  is  eY.feiit  th.l*  the  s!  i  t'-o,  !a  *r.l  st  rv  Of  t  he  sifst  1  till  nT  is  i  r:  p r  t  ■  n  t  . 

Tins  is  reasonable  since  for  the  polymer  derived  from  the  exo-isomer  the  CF, 

0 

and  v  inylene  units  are  trims  on  the  cvclopentane  minimising  strain  whereas  for 
polymers  derived  from  the  endo  isomer  they  are  cis.  The  TH,  TT  chemical  shift 
difference  for  C-2  is  1..T1  ppm.  and  the  HH  <  HT  splitting  for  C-j  is  1.1  ppm. 
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These  signals  have  slightly  different  intensities  indicating  that  while  the 

polymer  is  essentially  atactic  there  may  be  a  small  measure  of  stereoselection ; 

the  earlier  discussion  and  consideration  of  structural  formulae  would  lead  to  the 

expectation  of  a  predominance  of  the  less  strained  HHm  dvads  but  the  effect, 

if  real,  is  very  small.  Since  this  endo  isomer  of  II  with  OsCl^  gives  a  high 

trans  atactic  polymer  it  seems  likely  that  the  analogous  polymer  from  the  exo 

isomer  (see  above)  is  also  atactic.  A  set  of  four  relatively  weak  signals  also 

appear  at  low  field,  which  are  assigned  to  carbons  associated  with  cis  double 

bonds.  If  the  polymer  is  high  trans,  then  the  cis  and  trans  double  bonds  may  have 

a  random  or  blocky  distribution.  If  the  former  is  the  case  then  the  cis  (c)  peaks 

we  observe  are,  in  fact  ct  peaks,  which  should  have  a  slightly  different  chemical 

shift  from  the  cc  peaks.  If  there  is  a  blocky  distribution,  then  the  weak 

peaks  we  observe  should  superimpose  exactly  on  the  cis  signals  for  a  high  cis  polymer. 

In  this  case  the  weak  cis  signals  seem  to  be  slightly  offset  from  the  pure  blocky 

cis  signals,  indicating  that  they  are  in  fact  ct  peaks,  and  that  there  is  a  random 

distribution  of  low  concentration  cis  double  bonds.  This  assignment  is  only 

tentative,  and  must  be  treated  with  caution  since  the  small  shifts  involved  could 

be  a  result  of  solvent  or  concentration  effects.  The  0  value  calculated  from  the 

c 

olefinic  carbons  is  0.13,  but  this  figure  also  has  to  be  treated  with  caution 
as  the  resolution  is  not  particularly  good  and  consequently  the  integration  not 
very  reliable.  Infrared  spectroscopy  would  suggest  an  e\en  lower  .  The  high  field 
signals  are  assigned  by  analogy  with  earlier  argument,  as  shown  in  Figure  3-  The 
fine  structure  observed  for  the  signals  is  a  result  of  either  head/tail  effects 
and/or  the  atactic  nature  of  the  polymer.  The  low  intensity  signals,  correspond  to 
the  high  intensity  signals  in  the  spectrum  of  a  high  cis  polymer,  and  are 
therefore  a  result  of  carbons  associated  with  cis  double  bonds.  Hence  we  van 
conclude  that  OsCl  .  gives  rise  to  a  high  trans  atactic  polymer. 

The  spectrum  obtained  from  Mod.  catalysed  polymerisation  of  endo-1  (Figure 
41  is  very  similar  to  that  of  the  polymer  produced  by  OsCl^  catalysis  except 
the  weak  peaks  have  increased  in  intensity  and  the  resolution  is  not  quite  as  good. 

A  lack  of  exact  superimposibility  of  the  two  spectra  may  be  a  consequence  of  the 
requirement  to  use  different  solvents. 
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At  low  field  the  trans  HH  peak  is  again  resolved  into  m  and  r  forms.  The 

trans  TH/TT  shift  difference  is  1.35  ppm,  and  the  HH 'HT  difference  is  1.2  ppm, 

consistent  with  values  obtained  from  the  hich  trans  polymer  obtained  from  OsCl„. 

o 

The  relative  intensity  of  the  TH,  TT,  HH  and  HT  peaks  indicates  that  the  polymer 
has  an  equal  distribution  of  these  assembly  modes.  The  weak  peaks  at  low  field 
are  assigned  to  carbons  associated  with  cis  double  bonds.  The  peaks  are  not  well 
resolved,  and  the  cis  TH  peak  is  not  observed  or  is  hidden  by  a  strong  broadened 
trans  peak.  The  0 value  calculated  from  the  computer  printout  for  these  signals 
is  0.12  which  is  lower  than  for  the  OsCl,  polymer  from  endo  I  and  inspection  of 
Figures  3  and  4  and  the  infrared  spectra,  Figure  1,  B  and  C,  leads  to  the 
conclusion  that  this  must  be  an  underestimate  or  the  earlier  value  an  overestimate. 
The  high  field  signals  are  assigned  as  for  the  high  trans  polymer,  made  via 
CsC.l,  catalysis,  and  are  consistent  with  an  atactic  polymer. 

Hence  we  can  conclude  that  MoCl.  gives  rise  to  a  high  trans  polymer. 

The  spectrum  and  assignments  for  the  polymer  obtained  from  ReCl .  catalysis  are 
shown  in  Figure  5.  with  chemical  shifts  recorded  in  Table  4.  The 
hieh  intensity  signals  at  low  field  correspond  to  the  weak  sienals  in  the  hieh 
trans  polymer,  and  have  it  is  clear  we  have  a  high  cls  polymer.  The  peaks  are  assigned 
to  the  TH .  TT.  HH  and  HT  environments.  Normally  the  TH  and  HT  sienals  must 
have  the  same  intensity,  this  is  also  true  for  the  HH  and  HT 


peaks.  In  this  case,  however,  one  of  the  central  limbs  of  the  dF.  er 


overlaps  with  the  cis  HH  and  HT  resonances,  making  these  signals  correspondinsly 
more  intense.  Taking  this  into  account  the  TH,  TT,  HH  and  HT  signals  have 
approximately  the  same  intensity,  indicating  the  polymer  has  an  equal  distribution 
these  assembly  modes.  In  the  two  high  trans  polymers  derived  from  the  endo  monomer 
environments  were  both  present  as  evidenced  by  the  splitting  of  the  vinylic  carbon 
in  HH  assembly  modes,  in  this  example  we  see  no  such  splitting  and  this  leads 
to  the  conclusion  that  this  polymer  has  an  all  meso  -or  all  racemic  dyad  assembly 
although  which  particular  form  cannot  be  distinguished  on  the  basis  of  the  availabl 
data.  The  weak  signals  at  low  field  correspond  to  the  trans  olefinic  signals. 


54 


Figure  5- 


J3C  \'mr  spectrum  of  poly{endo-4-trifluoromethyl-l  ,3-cyclopentylene- 
vinylene)  prepared  by  ReCl,.  initiation,  recorded  as  a  solution  in 
(CD.),,CO  at  90.56  MHi  with  TMS  as  internal  reference,  a)  The  complete 
spectrum,  b)  DEPT  spectrum  showing  CH  normally  and  CH^  inverted  and 
c)  DEPT  spectrum  showing  only  CH  carbons. 
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The  a  value  calculated  from  these  signals  is  0.92.  At  low  field  the  spectrum  is 
very  different  from  that  of  a  high  trans  polymer.  The  C-5  signal  still  appears 
at  lowest  field  but  is  poorly  resolved  in  this  spectrum.  The  C-l  and  C-J  signals 
are  identified  with  the  aid  of  a  DEPT  spectrum.  These  signals  overlap,  and  the 
fine  structure  observed  cannot  be  satisfactorily  deconvoluted .  The  C-6  resonance 
appears  as  a  broad  singlet  at  highest  field,  the  broadening  is  probably  a  result 
of  HT/HH  effects.  The  C-7  resonance  apparently  consists  of  1  signals  in  the  ratio 
1:2:1.  there  are  four  possible  situations  for  this  carbon  signal  arising  from 
head  or  tail  orientation  of  adjacent  substituents  ITT  HT :  TT  HH :  HT  HT ;  HT  Hli  i 
and  the  observation  of  a  triplet  structure  indicates  coincidence  of  two  environments.1' 

The  weak  intensity  signals  are  clearly  assigned  to  carbon  associated  with 
trans  double  bonds,  but  in  this  case  the  high  field  signals  do  not  provide  good 
evidence  to  confirm  the  assignment  obtained  from  the  low  field  signals  since 
the  spec t run  quality  is  not  good  enough .  However,  good  evidence  to  confirm  the 
assignment  of  a  high,  cis  polymer  comes  t  rvn  the  infrared  spectrum  of  this  prod  s  r 
which  shows  a  strong  cis  vinylene  CH  out  ol  plane  ban!  at  7 50  cm  *  and  only  a 
very  weak  band  for  the  trails  vinylene  units  at  *170  cm  '. 

Conclusions 

The  detailed  analysis  of  the  high  field  1 -'C  nmr  .spectra  of  polymers  of 
5-t  rifluoronethylbicyo  lo[2. 2. 1  ]hept-2-ene  together  with  their  infrared  .spectra 
leads  to  the  following  conclusions:- 

(i)  exo- 5-trif  luoroir,ethylbicyclo[  2. 2. 1  ]hept -2-ene  gives  with  CsCl  , 

ring  opened  polymer  with  trans  double  bonds  which  is  probably  atactic; 

(ii)  endo-5-trifluoromethylbicyclo[2.2. 1 ]hept-2-ene  gives  a  high  trans  ataoti 
polymer  with  both  OsCl^  and  MoCl.; 

liii)  it  is  likely  that  endo-5-trifluoromethvlbicyclo[2. 2. 1 Jhept-2-ene  gives 
an  essentially  stereoregular  cis  I  0.92)  polymer  with  ReCl,.. 

but  it  has  not  been  possible  to  prove  this  unambiguously  nor  to 
identify  whether  the  dyads  are  all  rr.eso  or  all  racemic. 


t 
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We  believe  that  these  results  raise  interestin';  questions  concern  m<-  the 
factors  controlling  storeorecula 1 1 on  in  metathesis  i  in;  opening  polymer  1  rat  i  on  . 
and  are  encouraging  in  regard  to  the  objective  of  preparing  stereorecular 
f  luoropoly  tiers. 
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PAPER  4 


THE  RING  OPENING  POLYMERIZATION  OF  2-TRIFLUOROMETHYLBICYCLO[ 2.2.1 1HEPTA- 
2, 5-DIENE 

ABSTRACT 

2-Trifluoromethylbicyclot2.2. 1 )hepta-2,5-diene  undergoes 
metathesis  ring  opening  polymerization  under  the  influence  of 
the  initiators  WC 1^ / < CH j) ^Sn ,  MoC  1^  /  <  CHj  Sn  ,  OsClj,  RuC 1 j ,  IrClj 
.  and  ReC lj .  The  only  product  which  displays  evidence  indicative 
of  stereoregul at i on  is  that  derived  from  ReCl5. 

1 NTRQDUCT I  ON 

The  background  and  motivation  for  this  work  was  set  out  in 
the  introduction  to  the  first  paper  of  this  series(2).  The 
initial  objectives  being  to  investigate  the  po 1 ymer i zab l 1 l ty  of 
a  range  of  fluorinated  monomers  with  a  variety  of  initiator 
systems,  and  to  establish  the  microstructure  of  the  polymers 
produced  by  analysis  of  their  infra-red  and  nmr  spectra, 
particularly  the  high  field  ^C-nmr  spectra.  The  variety  and 
complexity  of  microstructures  possible  as  a  consequence  of 
metathesis  ring  opening  polymerization  of  polycyclic  alkenes  is 
cons i derab 1 e { 3 ) ,  and  in  an  attempt  to  simplify  the  analytical 
task  we  started  our  investigation  with  symmetrically  substituted 
derivatives  of  b i eye  1 o i 2 . 2 . 1 Jhept a-2 . 5 -d i ene  since  the  use  of 
such  systems  eliminated  potential  complications  due  to  exo/endo 
isomerism  and  head-head . ta i 1 -ta  i  1 ,  and  head-tail 
p 1 acement s ( 2 , 4 ) .  In  this  paper  we  describe  our  examination  of 
the  po 1 ymer i za t i on  of  the  racemic  monomer 
2-tr i f luoromethy lb i eye  1 o ( 2 . 2 . 1  lhepta-2 , 5-d i ene  (1),  and  a 
comparison  of  the  results  obtained  with  those  reported 
previously(2)  for  the  related  symmetrical  monomer, 

2,3-bis(trif luoromethy 1 )bicyclot2.2. 1  )hepta-2,5-diene  ( I  I ) . 
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EXPERIMENTAL 

The  monomer  for  this  work  was  prepared  and  purified  by  the 
methods  described  previ ous 1 y ( 5 ) .  General  experimental 
techniques,  polymerization  procedure,  and  equipment  details  have 
also  been  documented  in  earlier  papers  in  this  senes.  Table  1 
records  the  experimental  details  for  the  polymerizations.  The 
polymers  were  purified  prior  to  analysis  by  successive 
r eprec i p i ta t ion  from  acetone  into  methanol, and  could  be  solvent 
cast  to  give  colourless  transparent  films. 

Table  1.  Polymerization  of  2-Trif  luoromethylbicyclot  2  ■  2 .  1  lhepta-2 , 5-diene(  I ) 


Catalyst 

Co-catalyst 

Molar 

Cat . :  Co 

ratio 

-cat . 

I 

Solvent3  Temp.*5 
(ml)  ;  (oc) 

— 

Time 
(hrs. ) 

YieldC 

7. 

«oCl5 

Me.  Sn 

4 

1  : 

2 

200 

C,  7 

RT 

5  mins. 

50 

WC16 

Me,  Sn 

4 

1 

2 

200 

C,  4.6 

RT 

5  mins. 

~90 

OsCl., 

3 

None 

1  : 

0 

150 

CE,  0.3 

40 

2i 

25 

RuC13 

None 

1  : 

0 

150 

CE,  0.14 

40 

65 

5  1 

IrCI3 

CF  3COOH 

1  : 

5 

200 

CE,  1.5 

40 

48 

1 

25  1 

1 

ReCl5 

None 

1  : 

0 

200 

C,  0.3 

60 

48 

3  C  -  chlorobenzene ,  CE  -  1 : 1  (vol.  for  vol.)  mixture  of  chlorobenzene  and  ethanol. 

k  RT  -  room  temperature,  roughly  15  +  5°C.  The  polymerization  was  notably 
exothermic,  no  monitor  of  temperature  was  placed  in  the  reaction  vessel. 

c 

After  re-precipitation  and  drying  under  vacuum  for  at  least  24  hrs. 

RESULTS  AND  DISCUSSION 

The  first  point  that  emerges  from  this  study  is  that  it  is 
possible  to  polymerize  monomer  1  with  a  widtr  range  of 
metathesis  catalysts  than  monomer  II.  Table  1  lists  six 
different  catalysts  based  on  the  chlorides  of  W , Mo , Ru , I r , Os  and 
Re  all  of  which  were  successfully  used  to  polymerize  I;  by 
contrast  II  was  not  polymerized  in  any  of  several  attempts  with 
Ir,  Os  or  Re  based  catalysts.  While  it  is  admittedly  risky  to 
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read  too  much  into  a  failure  to  achieve  reaction  this 
observation  implies  that  replacing  one  of  the  tn f luoromethyl 
groups  in  11  by  hydrogen  has  the  effect  of  increasing  the 
monomer’s  susceptibility,  even  though  the  substituents  concerned 
are  quite  remote  from  the  double  bond  undergoing  reaction. 

The  fact  that  the  polymerization  of  I  with  metathesis 
catalysts  leads  to  the  production  of  polymers  of  overall 
structure  III  (scheme  1)  was  established  in  an  earlier  study(5); 
the  questions  at  issue  here  are  concerned  with  the  geometry  of 
the  vinylene  units  in  the  polymer  chain  and  the  details  of 
microstructure. 

The  infra-red  spectra  of  these  polymers  (see  figure  1)  are, 
as  expected,  dominated  by  the  intense  absorptions  between  1350 
and  1100cm~<  associated  with  the  tr i f luoromethyl  group:  although 
these  bands  are  consistent  with  the  expected  structure  no 
structurally  useful  information  could  be  deduced  from  them  nor 
from  the  C-H  or  C=C  stretching  absorptions  in  the  3000  and 
1650cm  regions  respectively.  However,  the  absorptions 
characteristic  of  out-of-plane  vinylic  C-H  bending  are  well 
resolved  and  can  be  assigned  with  some  confidence.  The  band 
arising  from  the  C-H  at  C-3  (scheme  1  III)  should  have  roughly 
the  same  intensity  relative  to  the  absorptions  due  to  the 
tr i f luoromethyl  groups  in  all  the  samples  and  the  band  at  660cm 
satisfies  this  condition;  by  contrast  the  out-of-plane  bending 
modes  for  the  vinylene  C-H  bonds  should  occur  with  variable 
intensities  dependant  on  the  relative  concentrations  of  cis  and 
trans  geometries,  and  the  bands  at  970(trans)  and  720cm'1  (cis) 
satisfy  this  requirement.  It  was  something  of  a  surprise  to  find 
that  five  of  the  six  infra-red  spectra  of  these  polymers  were 
virtually  super imposable  all  displaying  significant  absorptions 
at  both  970  and  720  cm  ,  the  exception  was  the  spectrum  of  the 
polymer  prepared  using  ReCl^  initiator  in  which  the  970cm’1  band 
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had  almost  vanished.  The  spectra  of  polymers  derived  via  ReC 1 ~ 
and  MoC  I5  /  ( CH  j  )l)  Sn  initiation  are  shown  in  Figure  1  to 
illustrate  the  features  discussed  above. 

The  conclusion  from  this  examination  of  infra-red  spectra 
is  that  ReC I5  initiation  gives  rise  to  a  polymer  with  a  high  cis 
vinylsne  content,  which  is  consistent  with  other  polymerizations 
initiated  by  this  compound ( 3 , 6 ) ,  whereas  all  the  other 
initiators  give  significant  proportions  of  both  cis  and  trans 
vinylenes,  this  last  observation  is  something  of  a  surprise 
since  IrClj.RuClj.  and  OsClj  have  all  shown  a  marked  tendency  to 
give  polymers  with  a  high  trana  vinylene  content  with  a  variety 
of  related  monomer s ( 3 , 6 ) . 

Examination  of  the  IJC  nmr  spectra  confirmed  the  overall 
conclusions  drawn  from  the  analysis  of  the  infra-red  spectra  in 
that,  although  there  were  some  variations  in  both  the  quality 
(S/N)  and  in  the  detail  of  resolved  fine  structure,  the  overall 
appearance  of  the  spectra  was  the  same  for  all  the  polymers 
except  that  prepared  via  ReC ls in i 1 1  a 1 1  on .  The  spectra  recorded 
for  polymers  obtained  via  OsClj  and  ReCl^  initiation  are 
reproduced  in  Figures  2  and  3  respectively. 

In  Figure  2  the  DEPT  spectra  distinguish  the  quaternary 
carbons  and  those  carrying  one  and  two  hydrogens  and  make  the 
assignment  of  resonances  as  shown  in  the  figure  fairly 
straightforward.  Thus,  the  resonance  at  lowest  field  <140.4ppm> 
is  assigned  to  C-3  and  its  broadness  is  taken  as  evidence  that 
it  represents  the  sum  of  signals  from  several  non-equivalent 
environments;  the  poorly  resolved  quartet  centered  at  1 35 . 9ppm 
is  assigned  to  C-2  with  J  ~~30Hz;  the  multiplet  between  133.3 
and  I31.7ppm  arises  from  the  different  vinylene  carbon 
environments,  and  the  quartet  of  doublets  centered  at  !23.2ppm 
with  Jq=270Hz  indicates  that  the  t r 1 f 1 uor omethy 1  groups  are 


poly(2-trifl uoromethy 1  - 1 , 4 -eye  1 opent -2 -eny 1  one 


vinylene)  prepared  using  OsClg  initiation,  rec 
at  90.56MHz,  (CDj)-^CO  solution,  TMS  internal 


reference . 
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found  in  at  least  two  non-equivalent  environments  in  this 
polymer.  In  the  higher  field  region  of  the  spectrum  the 
resonances  due  to  the  allylic  methine  units  are  distinguished 
from  the  methylene  resonances  by  the  DEPT  spectra,  and  the 
mulitplet  between  41. 8  and  42.8ppm  can  be  confidently  assigned 
to  allylic  carbons  adjacent  to  a  cis  vinylene,  with  that  between 
47.2  and  47.5ppm  due  to  allylic  carbons  adjacent  to  a  trans 
vinylene(2).  The  multiplicities  of  these  resonances  has  so  far 
defied  detailed  interpretation  but  demonstrates  that  this  and 
the  related  polymers  derived  from  W,Mo,Ru  and  Ir  initiation  all 
have  both  cis  and  trans  vinylenes  in  the  backbone.  The 
proportions  of  cis  vinylene  units  can  be  calculated  from  the 
relative  intensities  of  the  allylic  carbon  multiplets  and  the 
values  are  recorded  in  Table  2,  along  with  the  analogous  values 
for  polymers  derived  from  II. 


Table  2.  Fraction  of  Cis  Vinylenes  (or)  for  Samples  of  Poly(2-trif luoromethyl 
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discriminate  between  I  and  II  giving  roughly  equal  proportions 
of  cis  and  trans  vinylenea,  whereas  MoC I5 / ( CHj )  Sn  and  RuCl^both 
give  a  higher  selectivity  with  II  than  with  I,  and  the  Os,  Ir, 
and  Re  chlorides  fail  to  polymerize  11  at  all. 

The  spectrum  of  the  polymer  produced  via  ReC 1 5  initiation 
(Figure  3)  was  much  simpler  than  those  obtained  from  all  the 
other  samples,  although  unfortunately  the  yield  of  this 
polymerization  was  extremely  low.  The  more  selective  ReCl 
initiator  gives  a  polymer  with  a  high  proportion  of  cis 
vinylenes  (  cr£  0.06).  At  low  field  the  C-8  and  C-2  resonances 
are  easily  identified  with  the  aid  of  the  DEPT  spectrum.  The  C-3 
vinylene  carbon  resonance  appears  at  lowest  field  and  is 
considerably  sharper  than  in  the  spectrum  of  the  OsCl^  derived 
polymer,  indicating  an  increased  structural  homogeneity.  The 
carbon  signals  C-5  and  C-6  appear  as  three  lines  in  the 
approximate  ratio  1:2:1;  the  polymer  has  a  high  cis  vinylene 
content  and  these  lines  are  provisionally  assigned  to  the 
TH.TT.HH,  and  HT  environments,  where  the  middle  peak  represents 
coincidence  of  two  environments.  At  high  field  the  resonance  for 
the  allylic  carbons  adjacent  to  cis  double  bonds  consists  of  two 
sets  of  two  signals  at  42.95  and  42.26ppm,  and  42.70  and 
42.04ppm.  This  assignment  is  based  on  the  fact  that  the  total 
intensity  of  the  C-4  resonance  must  equal  the  intensity  of  the 
C-l  signal;  the  higher  field  signal  in  each  pair  has  a  lower 
intensity  than  the  low  field  signal.  The  C-7  resonance  appears 
as  three  lines  in  the  approximate  ratio  1:2:1;  these  signals  are 
assigned  to  the  HH.HT.TH  and  TT  effects  from  adjacent  rings  with 
the  middle  signal  again  representing  chemical  shift  equivalence 
of  two  environments.  It  is  possible  that  the  observed  resolution 
of  the  carbon  resonances  could  be  attributed  to  m/r  effects  in 
an  all  HHTT  or  all  HT  polymer.  However,  when  resolution  due  to 
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m/r  effects  has  been  observed  prev 1  out  I y ( 3 , 6 )  it  was  usually  in 
the  HH  vinylene  carbon  environment.  It  seems  unlikely  that  m/r 
resolution  would  be  observed  for  all  signals,  and  therefore  it 
is  highly  probable  that  this  high  cis  polymer  has  an 
approximately  equal  distribution  of  HH.HT.TH  and  TT  assembly 
modes  and  with  all  m  or  all  r  dyads.  It  is,  however,  impossible 
to  determine  unambiguously  which  is  the  case  on  the  basis  of  the 
available  data.  The  fact  that  the  HH  and  HT  signals  for  C-l,  and 
the  TT  and  TH  signals  for  C-4  have  slightly  different 
intensities  suggests  there  may  be  a  small  degree  of  HHTT  or  HT 
bias  in  the  polymer.  In  those  cases  where  unambiguous  proof  is 
ava i 1 ab 1 e < 3 , 7  }  ReClcj  initiation  of  ring  opening  polymerization 
of  substituted  norbornenes  leads  to  a  c l s-synd i otac t i c 
m l cros t rue ture ,  so  these  observations  are  not  inconsistent  with 
related  literature  data.  It  was  not  possible  to  derive  any 
detailed  analysis  of  the  multiplicities  observed  in  the  spectra 
of  other  samples.  It  does  appear,  however,  that  in  the  other 
samples  the  number  of  resolved  lines  is  higher  than  would  be 
expected  for  highly  stereoregular  polymers  and  therefore  that 
these  materials  were  probably  atactic. 

CONCLUSIONS 

The  racemic  monomer 

2- 1 r i f luorome thy 1 b i eye  1 o C 2 . 2 . 1 Jhept a-2 , 5-d i one  is  more  readily 
polymerized  by  metathesis  ring  opening  than  its 

2,3-bis(trif luorome thy 1 >bicyclol2.2. 1 1 hepta-2 , 5-d iene  analogue . 
Five  of  the  six  initiator  systems  investigated  appeared  to  give 
largely  atactic  products,  the  sixth  (ReCl^l  gives  a  polymer  with 
a  high  cis  vinylene  content  and,  although  there  appears  to  be  a 
mixture  of  head-head- ta i  1  - ta i  1  and  head-tail  monomer  placements, 
it  is  possible  that  the  cis  sequences  have  a  high  level  of 


tac  t i c l ty . 
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